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ABSTRACT
REGULATION OF DROSOPHILA REST:ACTIVITY RHYTHMS
BY A MICRORNA AND AGING
Wenyu Luo
Thesis Advisor: Amita Sehgal, Ph.D.
Although there has been much progress in deciphering the molecular basis of the
circadian clock, major questions remain about clock mechanisms and about the control of
behavior and physiology by the clock. In particular, mechanisms that transmit time-ofday signals from the clock and produce rhythmic behaviors are poorly understood. Also,
it is not known why rest:activity rhythms break down with age. In this thesis, we used a
Drosophila model to address some of these questions. We identified a pathway that is
required downstream of the clock for rhythmic rest:activity and also explored the
mechanisms that account for deterioration of behavioral rhythms with age. By
investigating candidate circadian mutants identified in a previous genetic screen in the
laboratory, we discovered a circadian function of a microRNA gene, miR-279. We found
that miR-279 acts through the JAK/STAT pathway to drive rest:activity rhythms. These
effects occur downstream of the clock and thus define a novel output circuit. In our work
on aging, we found that although old flies have a longer period and an unstable phase,
central clock function is robust. Thus, the deterioration also occurs downstream of the
clock, in either the circadian output pathway or in the sleep homeostatic system. Indeed, a
genetic manipulation that improves rhythms in old flies has been implicated
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independently in circadian rhythms and sleep. In addition, some environmental
manipulations can strengthen sleep:wake cycles in old flies. In short, the studies
described in this thesis contribute to our understanding of the molecular underpinnings of
circadian output and suggest that such outputs are affected by aging. In the long term,
these studies may contribute to finding treatments for clock dysregulation or age-related
circadian disorders.
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CHAPTER I
Introduction
This introduction is comprised of three parts. The first part is an overview of
circadian rhythms, including an account of how the circadian system generates
rest:activity rhythms in Drosophila. The second part is an introduction to the posttranscriptional regulators, microRNAs, and their role in regulating circadian rhythms,
which is related to the study described in Chapter II. The third part is an overview of
known age-induced changes in circadian rhythms and the possible underlying molecular
and cellular mechanisms, which is related to the study described in Chapter III.
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Part I: Circadian Rhythms and the Circadian System in Drosophila
Circadian rhythms are the approximately 24-hour physiological and behavioral
cycles that allow organisms to adapt to natural sunlight-darkness cycles. The circadian
clock is then the intrinsic biological timekeeper that generates these rhythms. It is
generally believed that naturally adapted circadian rhythms grant survival and fitness
advantages to organisms from fungi to mammals, by enabling them to anticipate, rather
than simply respond to, predictable periodic events such as availability of food, mates,
and light (Dodd et al., 2005; Vitalini et al., 2006). Disruption of circadian rhythms, such
as that seen in long-term shift work and sleep deprivation, underlies many potential
health problems.
In Drosophila and other animals, circadian behavioral rhythms, including the well
characterized rest:activity rhythm, require a complex circuitry of circadian neurons in the
brain and a molecular network that acts within these neurons. The entire system is
heuristically depicted as a composite of three modules: a central pacemaker that keeps
timing; input pathways that sense environmental cues such as light and temperature; and
output pathways that transfer time-of-day signals from the clock to other cells and
produce physiological and behavioral changes (Nitabach and Taghert, 2008; Gallego and
Virshup, 2007). Understanding how signaling pathways drive normal circadian rhythms
greatly helps to understand what goes wrong in the organism in certain disease states. A
good example is the recent linking of familial advanced sleep phase syndrome (FASPS)
to two single mutations of clock genes on chromosome 2 and 17, hPer2 and CKIδ
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respectively, in two independent families (Toh et al., 2001; Xu et al., 2005). FASPS is a
human disorder characterized by early sleep-onset and early-morning awakening, and
these studies are the first to address the genetic basis of behavioral rhythm disorders in
humans. Given the highly conserved nature of core clock mechanisms between flies and
humans (both genes mentioned above were first identified as clock genes in Drosophila)
(Young and Kay, 2001), the genetic power of Drosophila may help elucidate the
molecular underpinnings of other circadian diseases in modern society.

Circadian Rhythms
The first scientific literature on circadian rhythms dates back to 1729 when de
Mairan reported that the leaves of a sensitive heliotrope plant moved rhythmically
throughout the day even when the plant was transferred into a constantly dark cellar,
indicating that an internal, persistent mechanism was measuring the passing of time
(McClung, 2006). The existence of a circadian system that is completely independent of
any environmental cues was confirmed when the model fungus, Neurospora crassa, was
grown in space. Neurospora was able to maintain a ~23h rhythm of asexual spore
development (conidiation) in constant darkness in the Spacelab (Sulzman et al., 1984).
Subsequent experiments demonstrating circadian rhythms and the existence of a circadian
clock in animals were performed in the early twentieth century (Dunlap, 1990; Takahashi,
1991; Pittendrigh, 1993).
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Four general criteria are applied to define a circadian rhythm: the oscillations
persist (free-run) under constant conditions; the events recur approximately every 24 hr;
the rhythm is entrained by earth rotation-driven environmental changes i.e. Zeitgebers
such as light and temperature; the period of the rhythm is largely stable over a wide
temperature range i.e. it is temperature-compensated (Allada and Chung, 2010).
Circadian rhythms that meet these criteria are widely distributed in diverse species from
prokaryotes to humans, and regulate key life processes including feeding and metabolism,
stress and hormone regulation, immunity, sleep:wake, learning and memory, courtship
and mating (Allada and Chung, 2010; Gallego and Virshup, 2007). Of these, the
rest:activity (sleep:wake) rhythm in Drosophila is among the most intensively studied
and best understood circadian rhythms.
In Drosophila, the rest:activity rhythm is assayed using the Drosophila Activity
Monitoring (DAM) system (TriKinetics). Individual flies are placed in glass tubes with
food at one end, and their activity is monitored as breaks of infrared beam passing the
middle of the tube. Under standard conditions of 12 hr light:12 hr dark cycles (LD), flies
typically exhibit a bimodal activity pattern, with a morning activity peak around the time
of lights-on and an evening activity peak around the time of lights-off. In advance of
lights-on or lights-off transitions, flies show anticipation of environmental changes by
gradually increasing their locomotor activity, a behavior that may occur normally at
sunrise or sunset. When monitored in constant darkness and constant temperature (DD),
flies display a similar activity pattern to that seen in LD except that they now free-run
with an endogenous period that is usually a little different from the 24h cycles they have
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been maintained in. Also, the morning activity peak gradually dampens with time in DD
although the evening activity peak persists indefinitely.

Clock Neurons in the Fly Brain
The earliest genetic screen for mutations that affect circadian rhythm was done in
Drosophila and it identified the first clock gene period (per) (Konopka and Benzer, 1971).
We now know that ~150 neurons in the fly brain express per and are thus called “clock
neurons”. Although the clock mechanism was initially depicted as cell-autonomous,
recent evidence suggests that neuronal circuitry comprised of multiple clock neurons is
required to generate behavioral rhythms in flies (Nitabach and Taghert, 2008).
Compared to the mammalian clock in the suprachiasmatic nucleus (SCN), the
neuronal organization of the Drosophila circadian system is much simpler. Thus far,
seven subgroups of clock neurons have been identified on each side of the adult fly brain
(Figure 1-1). Three are located in the dorsal region of the central brain and thus called
dorsal neurons (DNs). These DN subgroups consist of ~15 DN1, 2 DN2 and ~40 DN3
neurons, respectively. The DN1 and DN2 cells are medium in size and located in the
posterior dorsal brain, whereas the DN3 cluster contains rather small neurons that lie in
the lateral dorsal brain (Helfrich-Förster, 2005). Another three subgroups of clock
neurons are located laterally between the optic lobe and the central brain and thus called
lateral neurons (LNs). 5-8 LNs lying towards the top of the brain are dorsal LN neurons
(LNds). Other LNs lie towards the bottom of the brain and are named ventral LN neurons
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(LNvs), and these include 4-6 large cells (large LNvs or lLNvs) and 5 small cells (small
LNvs or sLNvs) (Schwartz, 2004). The most recently discovered clock neuron subgroup
lies in the lateral posterior side of the central brain. They are three in number and called
lateral posterior neurons (LPNs) (Kaneko and Hall, 2000). In contrast to the adult brain,
only two cells of the DN1 cluster, and the entire DN2 and sLNv clusters are found in the
Drosophila larval brain (Kaneko et al. 1997).
The functions of each clock neuron subgroup are not fully characterized yet. Most
attention to date has focused on the four pigment-dispersing factor (PDF)-positive small
LNvs, which are regarded as the central circadian pacemaker. They are necessary and
sufficient for maintaining the free-running rest:activity thythm in DD, and also essential
for the morning activity peak in LD (the morning oscillator), whereas the 5th non-PDF
small LNv and/or the LNd neurons are dedicated to the regulation of the evening activity
peak in LD (the evening oscillator) (Renn et al., 1999; Grima et al., 2004; Stoleru et al.,
2004). The role of large LNvs is still not clear, although they have been shown to be
involved in light-dependent arousal and phase shifting in the late night (Shang et al.,
2008). The function of DNs is also a mystery; however, since some flies lacking LNs still
showed residual locomotor rhythms or bi-circadian rhythmicity in DD, these neurons are
thought to play at least some role in rest:activity rhythms (Helfrich-Förster, 1998; Veleri
et al., 2003). In fact, a subset of DN1s has been implicated as the “pacemaker” that drives
rhythmic behavior under constant light (LL) or even long day conditions, and its function
may be under both photic and thermal regulation (Murad et al., 2007; Zhang et al., 2010).
In the absence of light signals, DN2 cells have a prominent role in the temperature
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entrainment of larval brain, and these neurons together with the LPNs are also apparently
responsible for temperature input to the central clock in adult flies (Picot et al., 2009;
Miyasako et al., 2007). In addition, PER expression in DN3s may contribute to the perdependent evening peak of activity under LD conditions (Veleri et al., 2003; Nitabach
and Taghert, 2008).

The Molecular Network in the Central Pacemaker
Although per gene was identified as early as 1971, the second clock gene in
Drosophila, timeless (tim), was not found until more than twenty years later (Sehgal et al.,
1994). Subsequently, another essential clock gene Clock (Clk) was isolated in mammals,
and the fly homolog was isolated later along with the Clock partner, Cycle (Cyc)
(Vitaterna et al., 1994; Allada et al., 1998; Rutila et al., 1998). Based upon these
pioneering studies, a model for the molecular clock has been established, in which
canonical clock genes generate auto-regulatory feedback loops.
Typically the molecular clock consists of one major loop and one or more
additional loops that help to maintain the core loop (Figure 1-2; Tomioka and Matsumoto,
2010; Zheng and Sehgal, 2008). In the core loop in Drosophila, the CLK and CYC
proteins form a heterodimer, which binds to E-box regions in the promoters of per and
tim and activates their transcription during the late day to early night. Subsequently, the
protein products PER and TIM bind each other in the cytoplasm and the resulting
heterodimeric complex accumulates during the night. During the late night, this PER-
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TIM complex translocates into the nucleus to repress transcription of per and tim by
inhibiting the activity of CLK-CYC. Degradation of PER and TIM in the morning
releases CLK-CYC from repression, which starts a new round of this feedback loop. In
the second loop, CLK-CYC activates the transcription of vrille (vri) and PAR-domain
protein-1ε (Pdp1ε). The resulting VRI protein inhibits transcription of Clk by binding to
the V/P-box region in its promoter, competing with the translationally delayed PDP1ε,
which also binds the V/P-box but activates the transcription of Clk. This loop leads to an
increase of the Clk mRNA during the day. A third negative feedback loop includes
clockwork orange (cwo), a gene that is also expressed under the regulation by CLK-CYC.
CWO represses the transcription of per and tim by binding to the E-box, and contributes
to the maintenance of high-amplitude oscillations.
Besides the regulation at the transcriptional level, post-translational modifications
of clock proteins add another layer of regulation and provide precise temporal control to
the central clock. For example, phosphorylation or dephosphorylation of PER and TIM in
the cytoplasm, by kinases double-time (DBT), casein kinase II (CKII) and shaggy (SGG),
or protein phosphatases 1 (PP1) and 2A (PP2A), respectively, regulates the stability and
timing of nuclear entry of the PER-TIM complex (Gallego and Virshup, 2007; Zheng and
Sehgal, 2008).

Light and Temperature Inputs to the Circadian Clock
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Input pathways that sense environmental cues such as light and temperature are
needed to entrain or reset circadian rhythms in response to environmental changes. Of
these two most common Zeitgebers (“time givers”), light is the primary resetting signal
for Drosophila rest:activity rhythms. Three independent light input pathways are utilized
by clock neurons to sense light: photo-transduction mediated by the compound eyes and
ocelli which is probably transmitted to clock neurons via synaptic connections; phototransduction in the Hofbauer-Buchner (H-B) eyelet, a extra-retinal structure with axon
terminals that project directly to the small LNvs; and a dedicated circadian blue-light
photoreceptor, CRYPTOCHROME (CRY), which associates with TIM upon light
exposure and induces ubiquitination and acute degradation of TIM via a proteasomedependent mechanism (Figure 1-2; Ashmore and Sehgal, 2003; Boothroyd and Young,
2008 ).
Circadian rhythms can also be entrained by cyclic temperature changes as small
as 3°C, especially under otherwise constant light conditions, such as in case of eggs laid
underground or insects that pupate in complete darkness (Glaser and Stanewsky, 2007;
Tomioka and Matsumoto, 2010). Although the temperature input pathway is still largely
unknown, possible mechanisms involve the nocte gene and the phospholipase C (PLC)
encoded by the norpA gene (Glaser and Stanewsky, 2007). PLC regulates the
temperature-dependent alternative splicing of the per transcript. At low temperatures,
increased splicing of an intron in the per mRNA leads to rapid accumulation of the PER
protein and a phase advance of the evening activity (Majercak et al., 2004).
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Output Signals from the Circadian Clock
Although much is known about how the circadian clock is entrained and how it
performs functions of time keeping, the neurotransmitters and signal transduction
pathways that the circadian clock employs to control overt rhythms are not understood.
One possible mechanism is through driving rhythmic expression of genes downstream of
circadian oscillators (Doherty and Kay, 2010). Therefore, genome-wide expression
analyses have been performed in diverse tissues and organisms to identify clockcontrolled genes (CCGs) (Claridge-Chang et al. 2001; McDonald and Rosbash, 2001;
Boothroyd and Young, 2008; Doherty and Kay, 2010). Combining with other traditional
genetic approaches, output pathways have been characterized in some model systems,
especially for cellular metabolism in mammals (Harmer, 2009; Asher and Schibler, 2011;
Vitalini, 2006). Thus far however, only a few molecules have been confirmed as purely
outputs driving Drosophila rest:activity rhythms, and even fewer have been linked to
specific signaling pathways (Allada and Chung, 2010).
The most well-understood circadian output pathway in Drosophila works through
a neuropeptide, pigment-dispersing factor (PDF). PDF is 18 amino acids in length and
derives from a ~102 amino acid long precursor (Park and Hall, 1998). It is specifically
expressed in four of the five small LNvs and all of the large LNvs, but not in any of the
other known brain clock neurons (Renn et al., 1999). Pdf mRNA and protein levels do
not cycle in cell bodies and are not affected by tim or per mutations although they are by
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Clk and cyc (Park and Hall, 1998; Park et al., 2000). However, tim or per mutants abolish
the cycling of PDF protein at axon terminals of small LNvs, although the relevance of
this cycling for circadian locomotor rhythms is unclear (Kula et al., 2006). Flies that lack
PDF or Pdf neurons exhibit very weak free-running rhythms of short period and many of
them become arrhythmic within 3 days in DD. However, they can still be entrained to
LD with a loss of the morning peak and a phase-advanced evening peak (Renn et al.,
1999). The fact that molecular oscillations in different clock neurons are desynchronized
in Pdf mutants, together with data from other insects, suggests a role of PDF in
synchronizing the phases and/or maintaining rhythmicity in disparate clock neurons (Petri
and Stengl, 1997; Yoshii et al., 2009).
Neuropeptides normally act through G-protein-coupled receptors (GPCRs), which
typically activate cAMP or inositol trisphoshate/Ca2+ signaling pathways, in their target
neurons (Helfrich-Förster, 2005). A GPCR for PDF, PDF receptor (PDFR), was
identified and loss of this receptor severely disrupts rest:activity rhythms, in a manner
that phenocopies Pdf mutants (Hyun et al., 2005; Mertens et al., 2005; Lear et al., 2005).
Thus far, there is no consensus on what neurons express PDFR, although some studies
suggest that PDFR is expressed in most if not all tim-expressing neurons (Peng et al.,
2003; Taghert and Shafer, 2006). PDF/PDFR signaling was initially thought to be solely
an output of the clock, because on the second or third day of DD when behavioral
rhythms got weak in flies lacking LNvs and thus PDF, PER protein still showed normal
cycling in LNds and DNs (Blanchardon et al., 2001). However, with more careful
examination of PER oscillations at times when behavioral rhythms were completely
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disrupted in Pdf and Pdfr mutants, it was found that the nuclear entry of PER in sLNvs
was phase-dispersed, and the amplitude of PER oscillations was reduced in sLNvs and
LNds. Thus, PDF/PDFR signaling also feeds back to the molecular oscillator (Lin et al.,
2004; Lear et al., 2005; Taghert and Shafer, 2006).
As noted, cAMP/cAMP-dependent protein kinase (PKA) signaling is downstream
of many GPCRs, probably also PDFR. Flies bearing mutations in genes encoding either
the major catalytic subunit (PKA-C1) or the two regulatory subunits (PKA-R1 or R2) of
PKA exhibit arrhythmic behaviors and the cAMP/PKA pathway was implicated as a
major clock output in flies (Majercak et al., 1997; Levine et al., 1994; Park et al., 2000).
Another known output that PDF/PDFR may employ downstream of clock neurons is NF1,
which acts through the Ras/Mitogen-activated protein kinase (MAPK) pathway
(Williams et al., 2001). Null mutations of the Neurofibromatosis-1 (Nf1) gene, which
increase MAPK activity, cause an arrhythmic behavioral phenotype but maintain normal
oscillations of per and tim expression in clock neurons. Loss-of-function mutations in the
Ras/MAPK pathway can rescue the circadian phenotype of Nf1 mutants. Also, phosphoMAPK cycles in the vicinity of PDF-containing terminals of sLNvs, suggesting that PDF
may be coupled to the Ras/MAPK pathway. Furthermore, co-expression of NF1 and
PDFR in a mammalian expression system increased the sensitivity of PDFR for PDF
(Helfrich-Förster, 2005).
Besides PDF, multiple other neuropeptides likely serve as circadian output
neurotransmitters for generating rest:activity rhythms in Drosophila (Taghert et al., 2001;
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Taghert and Shafer, 2006). However to date, only two have been put into the circadian
system with expression in brain clock neurons (Taghert and Shafer, 2006). An amidated
neuropeptide, IPNamide (IPNa) encoded by the neuropeptide-like-precursor 1 (nplp1)
gene, is expressed in a subset of DN1 neurons, whereas the other clock gene-controlled
neuropeptide, NPF, is found in LNd neurons and may play a role in the sexual
dimorphism of circadian rhythms (Shafer et al., 2006; Lee et al., 2006).
Several ion channel genes and the electrical activity of pacemaker neurons as a
whole are important downstream targets of the circadian pacemaker, although they may
not serve solely as outputs since they also synchronize different clock neurons and may
also feedback to the central clock. Several electrophysiological studies performed in
LNvs, mostly in large LNvs, indicated that the spontaneous action potential (AP) firing
rate, the resting membrane potential (RMP) and membrane resistance of these neurons
are regulated by the circadian clock and the light input pathway through CRY (Cao and
Nitabach, 2008; Sheeba et al., 2008). Electrical silencing of LNvs stopped behavioral
rhythms and while only minor changes in PER and TIM oscillations were found in LD,
free-running oscillations (in DD) were abolished, indicating that changes in membrane
excitability of central clock cells may also feed back to the molecular clock (Nitabach et
al., 2002; Wu et al., 2008). However, these findings have recently been challenged by
studies in which adult pacemaker neurons were specifically silenced (Depetris-Chauvin et
al., 2011). In the opposite direction, electrical hyperexcitability of LNvs desynchronized
behavioral rhythms into multiple independent superimposed oscillations and phaseshifted molecular oscillations in DN1s and DN2s, confirming that membrane excitability
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of pacemaker neurons serves as a synchronization signal among different oscillators
(Nitabach et al., 2006).
At the level of single ion channels, a calcium sensitive potassium channel,
SLOWPOKE (SLO), and its binding protein (SLOB) show circadian expression at the
mRNA and protein levels (Fernández et al., 2007; Jaramillo et al., 2006). Null mutants of
slo exhibit arrhythmic behaviors but generally normal molecular oscillations in sLNvs,
indicating slo acts downstream of the central pacemaker; however, these flies show
impaired PDF accumulation in the dorsal protocerebrum, and the molecular cycling in
DNs is desynchronized (Fernández et al., 2007). Notably, a mammalian SLO homolog,
the BK channel, also shows circadian expression and functions as an output of the central
pacemaker (Meredith et al., 2006). A second ion channel implicated in circadian output,
NARROW ABDOMEN (NA), likely encodes a cation leak current and is a homolog of
mammalian NALCN. Although not yet been shown to be clock-controlled, na expression
in pacemaker neurons is necessary for behavioral rhythms. PER oscillations are intact in
na mutants, however, these flies display elevated production and probably reduced
release of PDF at dorsal terminals, suggesting a role of na in coupling different molecular
clocks (Lear et al., 2005; Allada and Chung, 2010). Another potassium leak channel,
SHAW, appears to modulate the electrical activity of clock neurons, especially DNs, and
PDF release (Hodge and Stanewsky, 2008).
Another two circadian output genes identified in Drosophila are the fragile X
mental retardation gene dfmr1 and the lark gene, both of which produce RNA-binding
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proteins. Loss of FMR1 gene in human leads to an X-linked genetic disorder with
behavioral symptoms that include hyperactivity and sleep loss (Dockendorff et al., 2002;
Inoue et al., 2002; Sofola et al., 2008). Adult dfmr1 mutant flies display arrhythmic
locomotor activity in DD, although there is only subtle, if any, change of clock gene
expression in fly heads (Dockendorff et al., 2002; Inoue et al., 2002). Further
examination indicated that the rhythm of a luciferase reporter driven by cAMP response
element binding protein (CREB) is affected in dfmr1 mutants, suggesting that dfmr1
functions as a circadian output by regulating cAMP signaling. More recent data reveal
that dFMRP (dFMR protein) cooperates with LARK to regulate circadian behavior in
flies (Sofola et al., 2008). LARK, which promotes the stability of dFMRP, is expressed
rhythmically at the protein level but not at the mRNA level, and thus is translationally or
post-translationally regulated by the clock (Newby and Jackson, 1996; McNeil et al.,
1998).
A number of central clock genes, such as Pdp1ε, vri, and cwo, probably also act
as output genes, despite their roles in the transcriptional regulation of Clk in pacemaker
neurons (Allada and Chung, 2010; Zheng et al., 2009). Although loss of a specific Pdp1
isoform disrupts the central clock, constantly low levels of Pdp1ε affect behavioral
rhythms without affecting clock function, suggesting that PDP1ε may drive behavioral
rhythms by controlling other downstream genes with V/P-box (Zheng et al, 2009; Benito
et al., 2007; Tomioka and Matsumoto, 2010).
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The N-β-alanyl-biogenic amine synthetase gene ebony acts in glia to regulate
circadian behavior. ebony mutants selectively disrupt locomotor activity rhythms, but not
eclosion rhythms (Newby and Jackson, 1991). Glia-specific expression of ebony rescued
locomotor activity rhythms in ebony mutants, and the ebony RNA and protein show
circadian oscillations in PER-positive adult glia (Suh and Jackson, 2007). Cyclic
expression of ebony even persists in flies lacking PDF, indicating this specific
rest:activity rhythm output is regulated by other neuronal factors or even an autonomous
glial oscillator.
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Part II: Circadian Rhythms and MicroRNAs
Since the first microRNA, lin-4, was discovered in Caenorhabditis elegans by
Ambros, Ruvkun and coworkers in 1993 (Lee et al., 1993; Wightman et al., 1993),
microRNAs (miRNAs) have been found to be important gene regulators and to play roles
in almost every aspect of plant and animal biology, such as development, metabolism,
immune responses, stem cell biology, and neuronal activity (He and Hannon, 2004;
Kosik, 2006; Schratt, 2009; Inui et al., 2010). In the past decade, miRNA biology has
become one of the most investigated and rapidly transformed areas of biology, and many
significant advances have been made in understanding how miRNAs are produced and
how they perform biological functions. Among these advances, most have been in the
area of miRNA-modulated early embryonic and postnatal development (Stefani and
Slack, 2008); however, potential functions of miRNAs in the regulation of adult animal
behavior, especially circadian behavior, have recently emerged as a novel topic in
miRNA biology.

The Biogenesis and Functions of miRNAs
The first member of the miRNA family, lin-4, was identified in C. elegans
through a genetic screen looking for postembryonic developmental defects. It was found
that lin-4 negatively regulates the level of LIN-14 protein and controls the normal timing
of developmental events. Surprisingly, the lin-4 gene does not encode a protein, but
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produces two small RNA transcripts of approximately 22 and 61 nucleotides, which
contain sequences complementary to a repeated sequence element in the 3' untranslated
region (3’ UTR) of lin-14 messenger RNA (mRNA) (Lee et al., 1993). The second
miRNA was not identified until seven years later. The Ruvkun group reported that a
different 21-nucleotide RNA, let-7, regulates the developmental timing of C. elegans
through an RNA-RNA binding mechanism involving the 3’ UTR of lin-41 mRNA
(Reinhart et al., 2000). Furthermore, by utilizing bioinformatics and other experimental
methods, this group also detected evolutionarily conserved homologues of let-7
throughout different species of metazoans (Pasquinelli et al., 2000), indicating conserved
functions of this miRNA in other organisms. To date, there are a total of 223 miRNAs
identified in C. elegans, 240 in Drosophila melanogaster, 291 in Arabidopsis thaliana,
741 in Mus musculus, and 1527 in Homo sapiens. These short RNAs comprise a new big
family of negative regulators of gene expression.
In animals, miRNAs are generally a class of ~21-25 nucleotide-long, non-coding,
single-stranded RNAs that derive from larger RNA precursors after stepwise processing
by two type III ribonuclease enzymes (RNase III). Most miRNA genes are located in
intergenic regions, although a small portion is also found in the intronic regions of other
genes. The transcription of these miRNA genes is largely mediated by RNA polymerase
II (Pol II), which produces primary miRNAs (pri-miRNAs). Since many miRNA genes
are clustered in close proximity to other miRNA genes in the genome, some of the primiRNAs are generated as polycistronic primary transcripts and thus the miRNAs in the
same cluster are coordinately regulated under a single promoter. These pri-miRNAs are
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folded into hairpins and then processed into mature miRNAs after sequential cleavage
events that catalyzed by two RNase III enzymes, Drosha and Dicer. In Drosophila, a
~70nt stem-loop shaped precursor miRNA (pre-miRNA) is first chopped off and released
from the long primary transcript by a Drosha-Pasha complex in the nucleus. These premiRNAs typically comprise a ~20 basepair stem, a terminal loop and a ~2 nucleotides 3’
overhang. Following the nuclear processing by Drosha, pre-miRNAs are exported to the
cytoplasm by a nuclear transport receptor, exportin-5, which cooperatively binds GTPcoupled cofactor Ran. In the cytoplasm, pre-miRNAs are subsequently trimmed by
Dicer-1 into ~20bp long miRNA duplexes (He and Hannon, 2004; Kim, 2005; Krol et al.,
2010).
The miRNA duplex is incorporated into a ribonucleoprotein complex known as
miRISC (miRNA-containing RNA-induced silencing complex). Two strands of the
duplex are separated, and usually the one that has the less stably base-paired 5’ end is
selected as the mature miRNA. Although the molecular mechanism of how miRISC
functions to regulate target genes still remains unclear, several proteins have been shown
to interact within this complex. In animals, the Argonaute (AGO) protein directly
interacts with miRNA, and a key downstream effector, the glycine-tryptophan protein of
182 kDa (GW182), binds to the polyA binding protein (PABP), which in turn recruits
deadenylases into the miRISC complex. As part of miRISC, miRNAs imperfectly basepair with binding sites in the 3’ UTR of target mRNAs, and inhibit protein synthesis by
either repressing translation or promoting mRNA deadenylation and decay. Argonaute
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and GW182 proteins, mature miRNAs and repressed mRNA targets all reside in
cytoplasmic RNA processing bodies (P-bodies) (Krol et al., 2010).
Our current understanding of the functions of miRNAs relies largely on the
identification of their biological relevant mRNA targets. However, because the miRNAs
are very short in length and their pairing with target mRNAs in animals is not entirely
complementary, the computational prediction of animal miRNA targets is still very
difficult. So far, the available bioinformatic methods are based upon rules that were
established from a few known miRNA-target interactions (He and Hannon, 2004).
Several commonly used prediction algorithms, including TargetScan, PicTar and
miRanda, place variable weight on: complementarity of the mRNA target site to the
miRNA 5’ seed region; evolutionary conservation of the target site; free energy of the
miRNA-mRNA heteroduplex; and mRNA sequence features outside the target site
(Thomas et al., 2010). Since the rules of miRNA targeting are not fully understood yet,
genetic and molecular approaches to examine changes in predicted target mRNA or
protein levels upon altered miRNA expression and biochemical isolation of miRNAassociated transcripts are necessary.
Although the first miRNAs, lin-4 and let-7, were found to modulate the timing of
early developmental events, the functions of miRNAs are now far beyond the temporal
control of body development and extend into many other areas, especially in the
regulation of the nervous system. Besides roles in neuronal patterning, cell specification,
axonal pathfinding and apoptosis in the developing nervous system (Kosik, 2006),
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miRNAs have been found in dendrites and synapses of mature neurons and shown to be
important for neuronal activity. One interesting example comes from the control of
localized mRNA translation by miRNAs at dendritic spines, which is required for
synaptic plasticity and long-term memory. Multiple research groups have found that
selected miRNAs, miR-134 and miR-138, are enriched at distal sites in dendrites to
inhibit the protein synthesis of their target mRNAs, and this inhibition can be relieved in
response to synaptic stimulation through rapid proteolysis of the miRISC assembly factor
Armitage/MOV10; this mechanism regulates memory formation (Schratt et al., 2006;
Ashraf et al., 2006; Banerjee et al. 2009). Other reports also showed that P-body-like
structures act at the site of synapses in mammals. The existence of miRNA precursors
and Dicer in synaptosomes and the presence of AGO and GW182 in dendrites suggest
that the biogenesis of some miRNAs can occur in dendrites and support a role of
miRNAs in modulating synaptic plasticity of mature neurons (Krol et al., 2010). Another
example indicating miRNA influence on mature neuron function is in alcohol addiction
of adult mammals. Treistman and colleagues showed that alcohol up-regulates miRNA
miR-9 and destabilizes certain mRNA splice variants of the BK channel, which is
important for molecular and behavioral alcohol tolerance (Pietrzykowski et al., 2008).
This provides another example that a single miRNA in the adult brain is crucial for
complex behavior.

Regulation of Circadian Rhythms by miRNAs
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A few antisense RNAs are involved in circadian clock regulation. In mammals,
RNAs encoding nuclear thyroid hormone receptors, TRαs, are partially complementary to
the mRNA of an essential clock gene Rev-erbα (Lazar et al., 1989). The Dunlap group
identified an antisense RNA to the frequency (frq) clock gene, which auto-regulates its
own expression and forms a molecular feedback loop in Neurospora (Aronson et al.,
1994). Subsequently, an antisense per transcript was discovered in the silkmoth that is
cyclically expressed, but 180°C out-of-phase to sense per RNA (Sauman and Reppert,
1996). However, in general post-transcriptional control in the circadian system was
explored little in contrast to the intense investigation of transcriptional and posttranslational regulation of clock genes, until the emergence of miRNA-mediated
regulation.
Three reports in 2007 linked several miRNAs to circadian rhythms in mammals
and plants. Obrietan and coworkers found two miRNAs specifically expressed in mouse
pacemaker neurons in the suprachiasmatic nucleus (SCN). miR-219 was identified as a
target of the central clock protein complex CLOCK/BMAL1 and it shows robust
circadian expression in the SCN. Antagomir-directed inhibition of miR-219 in vivo
lengthens the circadian period of wheel-running activity in constant darkness. The other
mouse miRNA miR-132 can be induced by light and exhibits diurnal transcription in the
SCN via a MAPK/CREB-dependent mechanism. In vivo knockdown of miR-132
attenuates entrainment by light, and this miRNA was later shown to modulate PER
expression by directly targeting genes involved in chromatin remodeling and translational
control (Cheng et al., 2007; Alvarez-Saavedra et al., 2011). Through expression profiling
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for cyclically expressed miRNAs the Valle group identified another 12 miRNAs that
showed diurnal expression variation in the mouse retina. These miRNAs include two
members of a single miRNA cluster, miR-96 and miR-182, which likely modulate the
cyclically expressed gene adenylyl cyclase VI (ADCY6) (Xu et al., 2007). A follow-up
study in major depression patients later identified a significant association between late
insomnia and a mutant allele of human miR-182 which targets ADCY6, CLOCK and the
delta sleep-inducing peptide (DSIP) genes (Saus et al., 2010). Also, Park and coworkers
showed that the abundance of a plant miRNA miR-172 is regulated by day length via
GIGANTEA (GI)-mediated miRNA processing. miR-172 induces the floral integrator
FLOWERING LOCUS T (FT) by repressing the TARGET OF EAT1 (TOE1) gene, and
mediates photoperiodic flowering in Arabidopsis (Jung et al., 2007). Together, these
pioneering studies suggest a potential relationship between miRNAs and the lightentrainable circadian clock.
High throughput studies to identify circadian clock-controlled miRNAs in fly
heads have been performed independently by two groups. The Edery group conducted
microarrays of head samples collected at different Zeitgeber and circadian times and
found two miRNAs (miR-263a and 263b) that exhibit robust daily oscillations in wildtype flies, but not in the cyc01 mutant. They also identified several other miRNAs that
showed constant but altered overall expression levels between control and cyc01 flies
(Yang et al., 2008). The Rosbash group subsequently utilized two different strategies to
search for miRNA-mRNA interactions involved in the circadian clock. They performed
immunoprecipitation of the AGO1 protein followed by microarray analysis to identify
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mRNAs under miRISC-mediated expression control. Three core clock mRNAs, Clock
(Clk), vrille (vri), and clockworkorange (cwo) were found in this analysis. In addition,
they inhibited the miRNA biogenesis pathway specifically in circadian cells followed by
tiling array analysis of fly heads. This approach identified 10 miRNAs expressed in fly
head circadian tissues, one of which, bantam, was shown to regulate the translation of
Clk mRNA (Kadener et al., 2009). Similarly, many miRNAs with circadian expression
patterns have been found through miRNA microarray or genome tiling arrays in
Arabidopsis (Hazen et al., 2009), chicken cone photoreceptors (Shi et al., 2009), mouse
liver (Na et al., 2009), and Rat jejunum (Balakrishnan et al., 2010). Some other clockrelevant miRNAs were identified in mouse serum and mammalian cell culture via
strategies searching for miRNAs targeting specific clock genes, such as Bmal1 (Shende et
al., 2011) and Per (Nagel et al., 2009). Among the many miRNAs functioning in
peripheral clocks, miR-122 appears to be a hepatocyte-specific circadian miRNA. The
transcription of miR-122 is rhythmic in mouse liver at the pre-miRNA level although not
at the mature miRNA level. Knockdown of miR-122 with an antisense oligonucleotide
attenuates the expression of many hepatic rhythmic genes (Gatfield et al., 2009). One of
these target genes of miR-122 is the deadenylase Nocturnin, which is highly rhythmically
expressed and thought to regulate clock output in the mouse liver, most likely by
deadenylating downstream mRNAs (Kojima et al., 2010; Kojima et al., 2011).
Thus, although not implicated in circadian behavioral output, miRNAs have been
linked to circadian rhythms in central clock function, light input to the clock and certain
metabolic output signals from a peripheral clock.
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Part III: Aging of Circadian Rhythms
Instead of maintaining each individual in a species in perfect form, nature has
chosen to renew the population with young individuals for the propagation of the species.
Aging is thus a common and complex process, found in almost every known organism,
which ultimately leads to death of old individuals. Normal aging can be defined as the
progressive intrinsic deterioration in physiological status that occurs in an organism over
time in the absence of any disease (Grotewiel et al., 2005; Iliadi and Boulianne, 2010). Of
the many age-related physiological changes, it is widely observed that certain animal
behaviors decline in function in aging individuals; these include learning and memory,
locomotor ability, olfactory sensitivity, courtship, circadian behavioral rhythms and sleep.
Age-related deterioration of the circadian sleep:wake rhythms has recently become
widely studied due to the comparatively easy and consistent detection of this behavior,
and also due to the well-understood molecular and cellular network of the circadian
system.

Age-Related Impairments of Circadian Behaviors
The disruption of circadian rhythms, including hormonal rhythms, core body
temperature cycles, and sleep:wake rhythms, is a prominent symptom of aging in humans
and other mammals (Hofman and Swaab, 2006). The most frequent age-associated sleep
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complaints in elderly human patients include increased nighttime wakefulness, daytime
sleepiness and earlier morning awakening (Foley et al., 1995; Duffy and Czeisler, 2002;
Monk, 2005). More than two decades ago, a reduction in the amplitude of sleep:wake
cycles in elderly men was found via long-term monitoring of activity patterns, and an
even more severe reduction was later observed in patients with Alzheimer’s disease
(Renfrew et al., 1987; Witting et al., 1990). In fact, increases in time spent in wakefulness
during the night and naps during the day, which are characteristic of the sleep pattern in
many elderly people, are symptoms of disrupted sleep:wake rhythms.

Similar

phenotypes result from SCN lesions, and thus aging of the circadian system may first
manifests as sleep-wake disorders (Eastman et al., 1984; Hofman and Swaab, 2006).
To date however, studies of aging focused on circadian parameters have generated
contradictory results. Unchanged and shortened free-running periods were both reported
in humans, but it appears that period changes do not underlie sleep:wake disturbances
found in the elderly (Monk, 2005; Duffy and Czeisler, 2002). The circadian period in a
non-human primate model, the mouse lemur, and several rodent models, including
hamster, rat and deermouse, shortens with age (Pittendrigh and Daan, 1974; Morin, 1993;
Witting et al., 1994; Aujard et al., 2006), while the period lengthens in old mice (Mayeda
et al., 1997; Valentinuzzi et al., 1997). On the other hand, mostly consistent with the
findings in old hamsters, older people have a ~1hr circadian phase advance compared to
younger adults and they also have trouble coping with shift work and jet lag (Turek et al.,
1995; Monk, 2005).
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Beyond mammalian model systems, the insect system of Drosophila has also
been developed during the past decade as an important and extensively used model
organism to study aging. It is a simpler model system that is particularly useful for
genetic studies of aging due to its smaller genome size, shorter lifespan and generation
time compared to mammals. Many of the behavioral changes associated with the aging of
circadian rhythms in human are also observed in Drosophila. For example, two agerelated sleep symptoms mentioned above, less consolidated sleep:wake cycles and
increased sleep fragmentation, have been reported to occur in old flies (Koh et al., 2006;
Shaw et al., 2000). Another Drosophila species (D.nasuta) also shows a period
lengthening phenotype, which is similar to that found in mice, and a degeneration of
circadian rhythm with age in males (Joshi et al., 1999).

Mechanisms Underlying Functional Senescence of Circadian Rhythms
Several conserved genetic pathways, including those that regulate metabolic rate,
hormones, reproductive signals, chromatin modification, and oxidative stress resistance,
are implicated in the regulation of lifespan and functional senescence (Guarente and
Kenyon, 2000; Jones and Grotewiel, 2011). Some of these are linked to the circadian
system, and may act through the molecular circadian clockwork to regulate functional
senescence in animals. For example, changes in circadian rhythms through clock
mutations or manipulations of the photoperiod cycle may alter some metabolic processes,
genotoxic stress responses and reactive oxygen species (ROS) homeostasis, eventually
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resulting in accelerated senescence and early aging (Kondratov, 2007; Iliadi and
Boulianne, 2010). Consistent with this thought, some mutant animals with a defective
circadian clock have shortened lifespan and premature senescence e.g. cyc mutant male
flies and BMAL1 and Per1,2 null mice (Hendricks et al., 2003; Klarsfeld and Rouyer,
1998; Kondratov, 2007).
Oxidative stress is believed to play an important role in the senescence of general
locomotor behaviors and sleep:wake cycles in Drosophila. Overexpression of two
enzymes that repair protein oxidative damage, carboxyl methyltransferase (PCMT) and
methionine sulfoxide reductase A (MSRA), or treatment with the histone deacetylase
inhibitor 4-phenylbutyrate (PBA), a drug that increases resistance to oxidative stress,
reportedly enhanced locomotor ability and delayed senescence of negative geotaxis,
whereas reduced expression of the major antioxidants Sod1 or Sod2 accelerated agerelated locomotor impairments (Jones and Grotewiel, 2011). In addition, young flies
treated with an oxidative stress-producing reagent, paraquat, exhibited a breakdown of
sleep:wake cycles similar to that seen in old flies, suggesting that the accumulated
oxidative damage contributes to age-related changes in locomotor rhythm and sleep (Koh
et al., 2006). A mutant of the clock gene per was found to be more sensitive to oxidative
damage during middle age than wild-type flies, suggesting that oxidative stress may act
through the circadian clock to regulate the aging process in these flies (Krishnan et al.,
2009).
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Another potential player that regulates aging of sleep homeostasis and circadian
clock function is PKA/cAMP signaling. An increase in PKA/cAMP signaling, which
underlies the effects of caffeine on sleep and circadian rhythms, induces sleep loss and
fragmentation in Drosophila, C. elegans and mammals (Hendricks et al., 2001; Joiner et
al., 2006; Mackiewicz et al., 2008; Wu et al., 2009). A loss of function mutation in the
amnesiac gene, which is homologous to vertebrate pituitary adenylate cyclase-activating
peptide (PACAP), causes severe disruption of sleep initiation and maintenance in young
flies; however, sleep in these flies does not get worse with age (Liu et al., 2008).
Furthermore, old hamsters showed dramatically reduced light-activated phosphorylation
of CREB in the SCN and blunted sensitivity to the phase-shifting effects of light on the
activity rhythm (Zhang et al., 1996). This suggests that the cAMP signaling pathway may
also underlie age-related changes in light input to the circadian system.
While defects in sleep homeostasis may contribute to the symptoms observed in
the elderly, it is generally believed that the function of circadian clock itself is also
altered during aging. Indeed, the circadian clock not only controls the timing of sleep, it
may also be involved in the homeostatic regulation of sleep and wakefulness from
Drosophila to humans (Franken and Dijk, 2009). Nevertheless, mixed and controversial
results have come from different laboratories using various model systems. At the mRNA
level, Bmal1 (but not Clock, Per1, and Per3) level changes with age in human peripheral
blood cells (Ando et al., 2010). In situ hybridization experiments in aged mice revealed
that the peak expression of Per2 mRNA and Per2-luciferase reporter cycling was reduced
but other circadian clock genes (Per1, Clock, Cry1) were not affected in the SCN
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(Weinert et al., 2001; Nakamura et al., 2011); however, Per2 and Bmal1 mRNA were
reduced in mouse peripheral tissues (Kunieda et al., 2006). Old golden hamsters display
reduced expression of Clock and Bmal1, but not Per1 and Per2 mRNA in the SCN
(Kolker et al., 2003). In rats, no effect of age was observed on mRNA expression of clock
genes (Per1, Per2 and Cry1) in the SCN (Asai et al., 2001). Similarly, aging does not
seem to affect the cycling of a Per1-luciferase reporter in explanted rat neural tissues,
although it affects the phase and/or rhythmicity of some peripheral oscillators (Yamazaki
et al., 2002). The zebrafish eye showed age-dependent reduction of Bmal1 and Per1 (but
not Clock) mRNA expression (Zhdanova et al., 2008), while per mRNA is dampened in
the heads of old flies (Krishnan et al., 2009). At the protein level, an
immunohistochemical study demonstrated that aging alters the amplitude and/or phase of
CLOCK and BMAL1 protein expression in several extra-SCN regions, but not in the
mouse SCN (Wyse and Coogan, 2010), whereas a more recent study found minor deficits
of PER2 expression in the SCN of middle-aged mice (Nakamura et al., 2011).
Despite the controversy regarding age-induced changes of the molecular circadian
clockwork, cellular function of the SCN is altered with age (Weinert, 2000; Hofman and
Swaab, 2006; Gibson et al., 2009). Cultured SCN neurons from older animals exhibit
lower amplitude of the circadian electrical activity rhythm than younger controls,
although the total number of SCN neurons does not change with age. The overall
dampened electrophysiological rhythm of the SCN is likely a result of age-related
deterioration at the level of individual cells and increased variability between rhythms of
different SCN neurons (Satinoff et al., 1993; Watanabe et al., 1995; Madeira et al., 1995;
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Aujard et al., 2001). The fact that the circadian rhythm of hypothalamic corticotrophinreleasing hormone (CRH) in aged SCN can be restored by fetal SCN transplantation
further supports the idea that normal aging modulates circadian rhythms by targeting
central circadian pacemaker neurons (Cai et al., 1997).
The SCN in mammals is a small structure densely packed with thousands of
heterogeneous neurons. Little is known about the wiring of the SCN circuitry, although it
is thought that the central circadian pacemaker is a network of individual oscillators (Yan
et al., 2007). In contrast, the central pacemaker network in the Drosophila brain is much
simpler, consisting of a few well-characterized groups of PER/TIM expressing clock
neurons (Helfrich-Förster et al., 2007; Nitabach and Taghert, 2008). As noted above, the
small ventral lateral neurons (sLNvs) (4-5 neurons/brain hemisphere) constitute the
central clock that drives locomotor activity rhythms under free-running conditions. The
PDF neuropeptide released from these central clock neurons and also from the large
LNvs synchronizes other dorsally located clock neurons (Yoshii et al., 2009). This
comparatively simpler wiring network of the Drosophila circadian system thus provides
an ideal model to study the effects of aging on circadian oscillators and to identify the
molecular and cellular defects that underlie the functional senescence of sleep-wake
cycles (Koh et al., 2006).
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Figures
Figure 1-1

With kind permission from Springer Science + Business Media: Cell Mol Life Sci., A comparative view of
insect circadian clock systems, 67, 2010, 1397-1406, Tomioka and Matsumoto, Figure 1A.

Figure 1-1. A Schematic Diagram Showing Drosophila Cerebral Cells Expressing
PERIOD (Tomioka and Matsumoto, 2010). In Drosophila, there are seven main
subgroups of clock neurons: DN1, DN2, DN3, LNd, small and large LNv, and LPN (see
Introduction for details).
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Figure 1-2

With kind permission from Springer Science + Business Media: Cell Mol Life Sci., A comparative view of
insect circadian clock systems, 67, 2010, 1397-1406, Tomioka and Matsumoto, Figure 2.

Figure 1-2. A Scheme Illustrating Current Knowledge about Molecular Machinery
of the Drosophila Circadian Clock (Tomioka and Matsumoto, 2010). The circadian
clock consists of one major and one or more additional feedback loops (see Introduction
for details).
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Regulation of Circadian Behavioral Output
via a MicroRNA-JAK/STAT Circuit
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Abstract
Although molecular components of the circadian clock are known, mechanisms
that transmit signals from the clock and produce rhythmic behavior are poorly understood.
We found through a genetic screen that overexpression of microRNA miR-279 disrupts
rest:activity rhythms in Drosophila. Deletion of miR-279 also attenuates rhythms, which
are rescued by a miR-279 transgene. Oscillations of the clock protein PERIOD are normal
in pacemaker neurons of miR-279 nulls, suggesting that miR-279 acts downstream of the
clock. Through an RNAi screen of putative miR-279 targets, we identified circadian
effects of the JAK/STAT ligand, Upd, and show that knockdown of Upd rescues the
behavioral phenotype of miR-279 mutants. Manipulations of the JAK/STAT pathway
also disrupt behavioral rhythms. Furthermore, JAK/STAT signaling is regulated by the
clock, and central clock neurons appear to project to Upd-expressing cells. These findings
identify a circadian output pathway in which JAK/STAT signaling is regulated by miR279 to drive rest:activity rhythms.

Introduction
The endogenous system that generate circadian rhythms has historically been
depicted in the form of a heuristic model in which an endogenous clock receives
environmental signals through an input pathway and transmits signals through an output
pathway (Eskin, 1979). The overt rhythm is the product of this system, which is, of
course, more complicated than the simplest model would predict. The past two decades
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have seen major advances in our understanding of how a clock is assembled, and how the
clock perceives the primary synchronizing/entraining signal, light (Zheng and Sehgal,
2008). However, the pathway that carries time-of-day signals away from the clock to
produce overt circadian rhythms is less well understood.
Output pathways have been characterized in some organisms and also, to some
extent, for cellular metabolic pathways in mammals (Asher and Schibler, 2011; Harmer,
2009; Vitalini et al., 2006). However, outputs are difficult to tackle when the overt
rhythm measured is that of behavioral rest:activity, as it is usually in rodents and in
Drosophila. Although Drosophila has a much simpler nervous system, the circadian
system still involves many different cell types in a neural network (Nitabach and Taghert,
2008), making it quite difficult to identify molecular components. In addition, the most
successful method used to identify clock molecules in Drosophila- forward genetic
screens- may have limited use for identification of output molecules. This is because
many clock components are largely dedicated to timekeeping, and so their loss is not
lethal, while most output components are likely to be essential genes, involved in signal
transduction, synaptic transmission etc., whose levels/activity are regulated by the clock.
Thus, only a limited number of output molecules have been described for the Drosophila
rest:activity rhythm and most of these have not been placed in specific signaling
pathways (Allada and Chung, 2010).
microRNAs (miRNAs) are a class of small, non-coding RNAs that negatively
regulate target gene expression (Carthew and Sontheimer, 2009). It is becoming
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increasingly clear that most biological processes involve regulation by microRNAs. One
would expect this to be particularly true for circadian rhythms, where maintenance of
appropriate levels can be critical for timekeeping. For instance, in Drosophila, the loss of
or overexpression of the rhythmically expressed clock genes, period and timeless, results
in arrhythmia (Yang and Sehgal, 2001; Zheng and Sehgal, 2008). A few microRNAs that
regulate circadian rhythms have, in fact, been described in mammals and in flies (Cheng
et al., 2007; Kadener et al., 2009; Kojima et al., 2010; Shi et al., 2009; Yang et al., 2008).
However, only a few have been linked to rest:activity rhythms (Cheng et al., 2007;
Kadener et al., 2009) and these are implicated in clock function or input to the clock, but
not in output. Since mutations in miRNA genes are difficult to come by, loss of function
circadian phenotypes in flies have not been reported for any Drosophila miRNA.
We report here the identification of a microRNA, miR-279, whose loss does not
affect the central clock, but attenuates rest:activity rhythms, indicating that it is part of the
output pathway. We identified the circadian-relevant target of this miRNA as Unpaired
(Upd), the ligand for the JAK/STAT pathway, and show that manipulations of this
pathway also disrupt rest:activity rhythms. These findings are the first to demonstrate a
role for JAK/STAT signaling in circadian rhythms, and they also identify a novel miRNA
that regulates this pathway in a circadian output circuit.

Methods
Fly Strains and Genetic Mapping
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Fly strains were maintained on standard molasses-cornmeal-yeast food at room
temperature. An isogenic w1118 (iso31) strain was used as the standard wild type stock for
circadian rhythms (Koh et al., 2008). Transgenic fly lines carrying either the UAS-miR279 (S) or UAS-miR-279 (L) construct were generated by site-specific PhiC31 Integration
System (Rainbow Transgenics) using the attP landing site 2A on the X chromosome
(Bischof et al., 2007). For the UAS-miR-279 (S) construct, a ~150bp coding region of
miR-279

was

amplified

by

PCR

using

the

following

primers:

5’-

CATTAGATCTGAATTGGGACTGGAGCTG-3’ and 5’-GAAAACTCGAGCTTGAT
GATTGAACTACC-3’. For the UAS-miR-279 (L) construct, a 1kb coding region of miR279

was

amplified

by

PCR

using

the

following

primers:

5’-

GCTATCAAGATCTTTCTCTTTCGCTCGC-3’ and 5’-GAGCTCGAGTATTTCCACC
GCAACTG-3’. The PCR products were inserted into the BglII and XhoI restriction sites
of pUASTattB, a P-element vector that contains the Upstream Activating Sequence (UAS)
for GAL4. The fly lines tim-GAL4, TUG, miR-279-GAL4, elavGS, ex36-2, ex117-1,
hop25, ClkJrk, tim01, Pdfrhan5304, miR-279 genomic transgene, NE95-11-24, UAS-miR279(S), UAS-miR-279(L), UAS-Upd, UAS-hopTuml, UAS-domeΔCYT, UAS-NachBac, UASdTrpA1, UAS-shiTS, UAS-nGFP, UAS-mCD8GFP were outcrossed 5-7 times into the
iso31 background. During the process of outcrossing, the deletions of miR-279 gene in
ex36-2 and ex117-1 and the point mutation in hop25 were monitored through PCR
amplification and DNA sequencing. Control w1118 flies were generated from sibling nonmutant flies during the last outcross. These “sibling” control lines were balanced and kept
as stocks. A yw strain was used as a wild type control for the yw, per01 flies. The location
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of the EP insertion in NE95-11-24 was determined by using inverse PCR and a cycle
sequencing of P element insertion protocol (E. Jay Rehm, Berkeley Drosophila Genome
Project).

Activity Rhythm Assays
Flies were entrained to a 12hr:12hr light:dark (LD) cycle at 25°C for more than 3
days. Individual flies were loaded in glass tubes containing 5% sucrose and 2% agar.
Locomotor activity was monitored for 7 to 12 days using the Drosophila Activity
Monitoring System (Trikinetics) in constant darkness (DD) as previously described
(Williams et al. 2001). Activity records were collected in 5 min bins and analyzed using
ClockLab software (Actimetrics). Circadian periods were determined by χ 2 periodogram
analysis.

Quantitative Real-time PCR
Flies were collected at indicated time points and isolated heads or dissected brains
were stored at -80°C until use. Total RNA, including miRNA, was purified with
miRNeasy Mini kit (Qiagen). For reverse transcription and real-time PCR of miR-279
and 2s rRNA (or U27), we used TaqMan MicroRNA Assays (Applied Biosystems). RTPCR was performed on an ABI prism 7100 (Applied Biosystems). Upd and Actin cDNAs
were synthesized by using a High-Capacity cDNA Reverse Transcription kit (Applied
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Biosystems). The sequences of primers used for real-time PCR are: Upd (fwd: 5’TTCCACGATTGCCCTAAAGC-3’; rev: 5’-AGCTGGCCACGTAAGTTTGC-3’), and
Actin (fwd: 5’-GCGCGGTTACTCTTTCACCA-3’; rev: 5’-ATGTCACGGACGATTTC
ACG-3’). Real-time PCR of Upd and Actin was performed on an ABI prism 7100 using a
SYBR Green kit (Applied Biosystems).

Whole-Mount Brain Immunocytochemistry
Adult flies were collected for brain dissection at indicated Zeitgeber times (ZT)
on the fourth day of LD entrainment or at indicated circadian times (CT) on the first or
third day of constant darkness. Brains were fixed with 4% para-formaldehyde (PFA) in
PBS (pH 7.4) for 45 min at room temperature. After three 15 min washes with 0.3%
Triton X-100 in PBS, brains were incubated with 5% normal donkey serum for 20 min.
Samples were then incubated overnight at 4°C with primary antibodies: rat anti-PER
(UPR34, 1:1000), mouse anti-GFP (A11120, Invitrogen, 1:1000) or rabbit anti-GFP
(A11122, Invitrogen, 1:1000), mouse anti-PDF (C7, Developmental Studies Hybridoma
Bank, 1:1000) or rabbit anti-PDF (HH74, 1:800), and rat anti-RFP (5F8, Chromotek,
1:1000). After three 20 min washes, brains were incubated with secondary donkey
antibodies (Jackson ImmunoResearch Laboratories, 1: 1000) for 2 h at room temperature,
followed by extensive washes. Samples were imaged using a Leica TCS SP5 confocal
microscope. Six to ten fly brains were examined for each time point. Representative
images are shown.
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Western Blot Analysis
Ten to fourteen flies were exposed to microwave radiation for 2-3 min to stop
protein degradation at indicated time points on the first or second day in constant
darkness (DD). The eyes and fat bodies were carefully removed and dissected fly brains
were collected on dry ice. The brain samples were immediately subjected to protein
extraction and western blots as previously described (Sathyanarayanan et al. 2004). Blots
were incubated with primary antibodies: guinea pig anti-CLK (GP50, 1:3000), rabbit
anti-Stat92E (1:4000), rabbit anti-UPD (1:4000), rabbit anti-HOP (1:2000), rabbit antiPDFR (PDFR-C, 1:1000), guinea pig anti-PER (PA1141, 1:1000), mouse anti-HSP70
(Sigma, 1:5000) and rabbit anti-MAPK (Sigma, 1:4000). The STAT92E and loading
control bands were quantified using ImageJ software as previously described (Kojima et
al., 2010) and Western blot assays were repeated three times with similar results.

Luciferase Reporter Assay in S2 Cells
The full length 3’ untranslated region (UTR) of Upd and a ~600bp coding region
of miR-279 were amplified by the polymerase chain reaction (PCR) using AccuPrime
Taq DNA Polymerase High Fidelity (Invitrogen). The sequences of primers used for PCR
are: XhoI-Upd-fwd: 5’-CCTCGAGCGTGAAATAGCATACACAACATTC-3’; UpdAgeI-rev: 5’-CACCGGTGATTTATTTTCAAATTCAATTCAGTTTATTGTTCG -3’;
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KpnI-miR-279-fwd:

5’-GGGTACCCCTATGTGTATGTGTGTAGAG-3’;

miR-279-

XhoI-rev: 5’-TCTCGAGCCTGCAATCAAGTCGCTC-3’. The Upd 3’ UTR was cloned
into a pAc5.1-firefly luciferase-V5-His vector and the miR-279 coding region was cloned
into a pAC5.1-V5-His vector (Invitrogen). The miR-279 coding sequence was mutated to
remove complementarity to the binding sites in the Upd 3’ UTR by using the
Quickchange II XL Site-Directed Mutagenesis Kit (Agilent Technologies). S2 cells were
maintained as previously described (Sathyanarayanan et al. 2004). For transient
transfection, 10ng pAc-firefly luc-Upd 3’ UTR, 90ng pAc-miR-279 (or empty vector
control, or pAc-miR-279 mutant) and 50ng pAc-Renilla luc (transfection control) were
co-transfected into S2 cells with Effectene Transfection Reagent (Qiagen). Luciferase
activity was measured using the Dual-Glo Luciferase Assay System (Promega).

Results
Identification of miR-279 as a Circadian Rhythm-Affecting MicroRNA
To identify genes affecting locomotor activity rhythms, we previously performed
a forward genetic screen of 3662 EP (enhancer and promoter) lines in which expression
of each randomly inserted EP element was driven by a timeless-GAL4 driver (tim-GAL4)
(Zheng et al., 2007). One strain (NE95-11-24) that displayed a disrupted locomotor
activity rhythm in this screen contains an EP-element insertion 1.3kb upstream of a
microRNA gene, miR-279 (Table 2-1; Figure 2-1A and 2-1C).
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The miR-279 gene mediates development of Drosophila CO2 sensory neurons in
the antenna through down-regulation of the transcription factor Nerfin-1 (Cayirlioglu et
al., 2008); however, it was recently also identified as one of several microRNAs that are
expressed highly in tim neurons (Kadener et al., 2009). The miR-279 locus produces a
~100nt-long precursor microRNA, pre-miR-279, which is processed to mature 22nt miR279. To examine whether mature miR-279 levels were increased by expression of NE9511-24, we conducted quantitative real-time PCR (q-PCR) analysis of total RNA from
heads of flies expressing NE95-11-24 under the control of tim-GAL4. As shown in
Figure 2-1B, mature miR-279 RNA was more abundant in these flies than in wild-type
controls. Since a second microRNA gene, miR-996, located 1.6kb downstream of miR279 (Figure 2-1A), could also be induced by the tim-GAL4 driver, we sought to
determine whether overexpression of miR-279 alone was responsible for the circadian
rhythm phenotype. Thus, we generated transgenic miR-279 expressing lines in which
either a 1kb (L) or a 150bp (S) genomic sequence that fully covers the miR-279 coding
region was fused to an Upstream Activating Sequence (UAS) (UAS-miR-279, Figure 21A). In combination with tim-GAL4, UAS-miR-279 also increased expression of mature
miR-279 and led to arrhythmic locomotor activity in most flies (Table 2-1; Figure 2-1B
and 2-1C). Those few flies that still maintained weak rhythms showed a slightly longer
period than controls (Table 2-1).
To exclude the possibility that the behavioral phenotype was caused by ectopic
induction of miR-279 in neurons where it is normally not expressed, we utilized a GAL4
driver under the control of the miR-279 promoter (Cayirlioglu et al., 2008) (Figure 2-1A
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and S2-1A). Because miR-279-GAL4 is a much weaker driver than tim-GAL4, we used
two copies of this driver to induce miR-279 overexpression. As shown in Table 2-1 and
Figure 2-1C, overexpression of miR-279 by miR-279-GAL4 phenocopies the effect of
tim-GAL4, suggesting that miR-279 regulates circadian rhythms in regions of its normal
expression. Since microRNAs frequently play a crucial role in brain development
(Coolen and Bally-Cuif, 2009), we sought to distinguish between developmental and
adult effects by restricting the expression of miR-279 to adult neurons. We first used a
drug (RU486) inducible panneuronal driver, elavGeneSwitch (elavGS) (McGuire et al.,
2004), which lengthened the period by ~0.6 hr during the first 5 days in constant darkness
(DD) and then eventually caused arrhythmia (Table 2-1; Figure 2-1D). To determine the
effects of adult expression in specific neurons, we used a temperature sensitive tubulinGAL80ts coupled with a tim-GAL4 driver (tim-UAS-GAL4, TUG) (Blau and Young,
1999) or with miR-279-GAL4. The TUG driver is weaker than the tim-GAL4 used above
(data not shown) and thus can be effectively repressed by tubulin-GAL80ts at 18oC.
Adult-specific overexpression of miR-279 in tim or miR-279 cells, by shifting flies
carrying these constructs to 29oC, also resulted in long periods and arrhythmicity (Figure
S2-1B). This indicates that adult overexpression of miR-279 in relevant cells disrupts
circadian behavioral rhythms.

A Loss-of-Function Mutation in miR-279 Disrupts Behavioral Rhythms
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Deletions of the miR-279 gene were generated by imprecise excisions of two
different P element insertions, both of which are downstream of miR-279 (Cayirlioglu et
al., 2008). We outcrossed the 1.9kb (ex36-2) and 1.2kb (ex117-1) deletions seven times
into an isogenic w1118 stock, which we use as our standard wild type stock for circadian
rhythms. Loss of miR-279 expression causes lethality at the late pupal stage in its original
background (Cayirlioglu et al., 2008). We observed the same lethality in the ex36-2 flies
after outcrossing; however, a small percentage of outcrossed ex117-1 flies (Figure 2-2A)
survive up to 2 weeks as adults, thus allowing us to perform behavioral analysis.
Brains of homozygous ex117-1 flies do not express any detectable levels of
mature miR-279 by q-PCR (Figure 2-2B). Behavioral analysis of these flies revealed that
~67% of the flies have very weak to no rhythms in DD (Table 2-1; Figure 2-2C). A
previously identified phenotype of these flies- ectopic CO2 neuron formation- was
rescued by a 3kb genomic miR-279 transgene (Cayirlioglu et al., 2008). We found that
the same genomic construct also rescued the locomotor activity rhythm phenotype of
ex117-1 (Table 2-1; Figure 2-2A and 2-2C), indicating that the miR-279 gene is
responsible for the behavioral phenotype of ex117-1 and is necessary for circadian
rhythms.

The miR-279 Mutation Does Not Affect the Central Clock
A central pacemaker in the small ventral lateral neurons (sLNvs) of the
Drosophila brain drives free-running locomotor activity rhythms in DD (Nitabach and
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Taghert, 2008). To determine whether miR-279 affects the central pacemaker itself or
downstream output pathways that ultimately drive locomotor rhythms, we assayed
oscillations of the central clock protein, PERIOD (PER), in sLNvs of ex117-1 adult flies.
Entrained ex117-1 and sibling control flies were placed in DD and subject to
immunocytochemistry of brain whole mounts on the first and third days in DD. As shown
in Figures 2-2D and S2-2A, mutant flies and wild-type controls exhibit similar daily PER
cycling in sLNvs. No obvious differences in protein levels or protein localization were
found at any time point assayed. Furthermore, PER oscillations in other major clock
neuron groups, including dorsal lateral neurons (LNds) and group 1 dorsal neurons
(DN1s), were also robust and synchronized between the two hemispheres in mutant fly
brains (data not shown). In addition, loss of miR-279 does not alter the viability or
morphology of any known clock neuron groups, nor the expression of PigmentDispersing Factor (PDF), a neuropeptide expressed in LNvs (Figure 2-2D and S2-2B).
The absence of a GFP signal in sLNvs of miR-279-GAL4:UAS-nuclear GFP (nGFP) flies
(Figure S2-1A) further supports the idea that miR-279 does not function in the central
pacemaker, but rather in output pathways.
To test whether the biogenesis of miR-279 itself is regulated by the circadian
clock, we examined the expression profile of mature miR-279 over the course of a
light:dark cycle (LD) and in constant darkness (DD). Under neither condition was
significant cycling of mature miR-279 detected (Figure S2-2C and data not shown). Also,
the level of mature miR-279 was not altered in clock gene mutants, tim01 and ClkJrk
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(Figure S2-2D). The results suggest that levels of miR-279 are not controlled by the
circadian clock.

miR-279 Targets Unpaired to Regulate Circadian Behavioral Rhythms
With few exceptions, animal miRNAs recognize miRNA-binding sites in the
3’UTR of target mRNAs and cause mRNA degradation or translational repression
(Carthew and Sontheimer, 2009). A previously identified target of miR-279, relevant for
its effects on the development of CO2 neurons, is the mRNA encoded by the Nerfin-1
gene (Cayirlioglu et al., 2008). We tested flies expressing a Nerfin-1 RNAi construct for
circadian behavior and found that their behavioral rhythm was normal (data not shown),
suggesting that Nerfin-1 does not mediate effects of miR-279 on circadian rhythms. We
therefore sought to identify other possible targets of miR-279. Using three computational
algorithms (i.e. PicTar, TargetScanFly5.1, and MiRanda) (Krek et al., 2005; Ruby et al.,
2007), we discovered that ~35 mRNAs contain putative binding sites for miR-279 in their
3’ UTRs (Figure S2-3A; Table S2-1). We obtained fly stocks carrying RNAi knockdown
constructs for each of these mRNAs from the NIG-FLY stock center (~75 lines),
introduced a tim-GAL4 or a miR-279-GAL4 transgene into each stock and screened the
resulting progeny for locomotor rhythms. Rhythms were impaired when expression of the
Unpaired (Upd) gene was knocked down (Figure 2-3A and S2-3B).
Unpaired (Upd, also called Outstretched) mRNA was predicted as a potential
target of miR-279 by all three computational algorithms we employed (Supplemental
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Table S2-1). In fact, the Upd 3’ UTR contains multiple putative miR-279 binding sites,
one of which is highly conserved across different Drosophila species (Figure 2-3B and 23C). To determine whether miR-279 directly binds to Upd 3’ UTR and inhibits its
expression, we performed a luciferase reporter assay in Drosophila S2 cells. A chimeric
mRNA was made by fusing the firefly luciferase open reading frame to the full-length
Upd 3’ UTR that contains all potential miR-279 binding sites (Figure 2-3C). Compared to
the control, luciferase activity of the chimeric mRNA was significantly suppressed when
miR-279 was cotransfected into the cells (Figure 2-3C). However, a mutant form of miR279, in which sites complementary to those in the Upd 3’ UTR were altered (Figure 23B), failed to suppress luciferase activity (Figure 2-3C). We further examined whether
miR-279 affects Upd mRNA levels in vivo. As shown in Figure 2-3D, Upd mRNA was
up-regulated in adult brains of miR-279 null mutants. On the other hand, miR-279
overexpression by a tim-GAL4 driver reduced mRNA levels of Upd, with a higher dose
of miR-279 producing a stronger effect (Figure 2-1B and 2-3D). We conclude that Upd is
a direct target of miR-279 in vitro and in vivo.
To test whether high levels of Upd are responsible for the activity rhythm
phenotype of miR-279 mutants, we reduced expression of upd with the Upd-RNAi
construct (Figure S2-3B) in an ex117-1 background. As shown in Table 2-2 and,Figure 23E knocking down Upd with a relatively weak tim promoter (TUG), prevented the
abolition of activity rhythms in ex117-1 flies. These data provide strong in vivo evidence
that miR-279 regulates circadian rhythms by modulating levels of Upd.
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Manipulations of the JAK/STAT Pathway Affect Behavioral Rhythms
The miR-279 target we identified, Upd, is one of the three cytokine ligands (i.e.
Upd, Upd2, and Upd3) that activate the JAK/STAT signaling cascade in Drosophila
(Arbouzova and Zeidler, 2006; Harrison et al., 1998). Compared to its mammalian
counterpart, the canonical JAK/STAT pathway in Drosophila is relatively simple with
only a few key components. Ligand binding activates a transmembrane receptor,
DOMELESS (DOME) that recruits the Janus kinase protein, HOPSCOTCH (HOP), to its
intracellular domain. This allows HOP to phosphorylate itself, as well as the receptor
DOME, and a cytoplasmic protein, signal transducers and activators of transcription
(STAT92E). Upon phosphorylation by HOP, STAT92E dimerizes and translocates to the
nucleus to regulate transcription (Arbouzova and Zeidler, 2006).
Given that Upd is part of the JAK/STAT pathway, we asked if manipulating
components of the JAK/STAT would alter locomotor activity rhythms in flies. As noted
above, knockdown of Upd in clock neurons with the strong tim-GAL4 driver disrupted
rhythms (Table 2-2; Figure 2-3A). A slow breakdown of rhythms was also observed with
the miR-279 driver (Table 2-2; Figure 2-3A). Since tim-GAL4 is expressed at higher
levels but may show some ectopic expression (data not shown), we also tested two copies
of the TUG driver, which likely better represents the circadian clock network. This
manipulation also disrupted behavioral rhythms and produced overall high activity in
wild-type flies (Table 2-2; notice higher activity in Figure 2-3E even with one copy of
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TUG). The Upd-RNAi transgene yielded no phenotype with the Pdf-GAL4 driver, even
when two copies were used (Table 2-2; Figure 2-3A), indicating that Upd function is not
restricted to Pdf neurons. Together, these data suggest that appropriate expression of Upd
is required for normal rhythms; it needs to be downregulated, but not completely
abolished by miR-279, which is also consistent with the results of the in vitro luciferase
reporter assay (Figure 2-3C). This conclusion is further supported by our findings that
either constant high levels of Upd in tim neurons or induction of Upd in adults disrupts
activity rhythms (Table 2-2; Figure 2-4A). Overexpression of Upd in miR-279 neurons
throughout development resulted in lethality (data not shown).
We next examined whether blocking signal transduction downstream of Upd
affects behavioral rhythms. To investigate the role of DOME, we used a dominantnegative form of this receptor, DOMEΔCYT, which lacks the intracellular domain and the
sites for HOP binding. The mutant receptor contains the extracellular and transmembrane
portion of the protein, and thus titrates the ligand and acts as a signaling antagonist
(Brown et al., 2001). Expression of UAS-domeΔCYT under the control of a Dome
promoter enhancer trap GAL4 (Ghiglione et al., 2002), but not tim-GAL4, dramatically
reduced the percentage of rhythmic flies compared to controls (Table 2-2; Figure 2-4B),
suggesting that normal activity rhythms require a ligand-responsive DOME receptor in
non-tim neurons.
We further determined whether the Janus kinase HOP modulates circadian
behaviors. Although complete amorphs of Hop are lethal, a small percentage of flies

- 51 -

carrying a severe hypomorphic allele, hop25, emerge as hemizygous males (Perrimon and
Mahowald, 1986) and survive up to 2 weeks in an isogenic w1118 background. We found
that ~68% of the hop25 males lost activity rhythms in constant darkness, whereas only 3%
of wild-type sibling controls were arrhythmic (Table 2-2; Figure 2-4C). We also tested a
dominant gain-of-function allele, hopscotchTumorous-lethal (hopTuml), which produces a
constitutively active form of HOP and causes hyperactivity of the JAK/STAT pathway
(Harrison et al., 1995; Luo et al., 1995). Expression of UAS-hopTuml by elavGS resulted
in an acute disruption of locomotor activity rhythms in adults (Table 2-2; Figure 2-4D).
To determine whether Hop also affects circadian output pathways downstream of the
central clock, we assayed PDF expression and protein oscillations of PER in small LNvs
of hop25 adult flies. Entrained hop25 and sibling control flies were subject to
immunocytochemistry of brain whole mounts on the third day in DD. As shown in Figure
2-4E, mutant flies exhibit PDF expression and daily PER cycling in sLNvs that are
similar to those of wild-type controls. All these data are consistent with a major role for
JAK/STAT signaling in circadian outputs that drive rhythmic behaviors.

Modulation of Upd-Expressing Neurons Alters Behavioral Rhythms
To determine whether UPD secreting neurons are important for circadian
behaviors, we utilized an Upd enhancer trap GAL4 driver, Upd (E132)-GAL4 (Halder et
al., 1995), and tested whether silencing or activating Upd-expressing neurons alters
activity rhythms. Due to a critical role of Upd and JAK/STAT signaling in fly
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development (Harrison et al., 1998; Hou et al., 1996; Perrimon and Mahowald, 1986),
inactivation of UPD-secreting cells by Upd-GAL4-controlled expression of an inward
rectifying potassium channel, Kir2.1 (Baines et al., 2001), caused lethality (data not
shown). To conditionally suppress Upd neurons at the adult stage, we expressed a
temperature-sensitive synaptic blocker, shibireTS (shiTS), under the control of Upd-GAL4.
The shiTS allele is defective in synaptic vesicle recycling at restrictive temperatures
(>29°C), and leads to a rapid and reversible inhibition of synaptic transmission (Koenig
et al., 1983). Upon a shift to 29°C, the period of the activity rhythm was lengthened ~0.7
hrs compared to that of control flies, and this phenotype reverted to normal after flies
were transferred back to permissive temperature (21°C) (Table 2-2; Figure S2-4A). The
long period phenotype produced by blocking Upd-expressing neurons is consistent with
the effects of miR-279 overexpression, which lowers the level of Upd, in the small
percentage of rhythmic flies (Table 2-1; Figure 2-1D). To confirm the importance of
Upd-expressing neurons in regulating circadian rhythms, we then activated these neurons.
Under the control of Upd-GAL4, the expression of a sodium channel, NaChBac, which
depolarizes neurons and increases their excitability (Ren et al., 2001), abolished freerunning rhythms in most flies (Table 2-2). In addition, acute excitation of Upd neurons in
adult flies by activating a temperature-gated cation channel dTrpA1 at 28°C (Hamada et
al., 2008) also disrupted activity rhythms (Table 2-2; Figure S2-4B). The effect of
dTrpA1 was reversible, with normal rhythms restored at the permissive temperature of
21°C. We conclude that Upd-expressing cells are necessary for normal circadian
locomotor rhythms.
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JAK/STAT Signaling Cycles under the Control of the Circadian Clock
To test the hypothesis that JAK/STAT signaling is an output modulated by the
circadian clock, we examined the expression profile of JAK/STAT components over the
course of a circadian cycle in DD. Western blot assays of fly brain extracts were
performed using antibodies specific for UPD, HOP and STAT92E. Although no
oscillations were detectable for the major bands corresponding to UPD and HOP proteins,
a higher band, which may correspond to phosphorylated HOP, was expressed cyclically
(Figure S2-5A). We also found that the fastest migrating form of STAT92E, which
appears to be a doublet, was expressed cyclically on the first day in DD (Figure 2-5A-C
and S2-5B), with peak protein levels in the late day/early evening. STAT92E oscillations
were dampened in clock gene mutants, more so in ClkJrk flies (Figure 2-5A) than in per01
(Figure S2-5B). The cycling of STAT92E persisted on the second day of DD (Figure 25D), further supporting that it is under circadian control. STAT92E cycling was delayed
in a null mutant of the PDF receptor, Pdfrhan5304 (Hyun et al., 2005), suggesting that it is
regulated by PDF signaling (Figure 2-5B). To determine if JAK/STAT signaling and
miR-279 contribute to oscillations of STAT92E, we assayed STAT92E cycling in flies
overexpressing hopTuml and also in the miR-279 mutants. In both genotypes, the cycling of
STAT92E was dampened, such that trough levels were increased (Figure 2-5C and 2-5D).
Since JAK/STAT signaling appears to be downstream of the central clock, we
sought to determine if Upd-expressing cells receive input from clock cells. We first
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labeled Upd-expressing neurons with nuclear-targeted GFP (nGFP) by crossing UASnGFP to Upd-GAL4, and found that Upd is broadly expressed in the adult fly brain. The
expression pattern includes cells within two clusters of PER-positive neurons, dorsal
neurons (DNs) and some other neurons that we are calling lateral located neurons (LLNs)
based upon their position (Figure 2-6A). Interestingly, the neurons in which Upd and
PER expression overlap show shifted-phase PER cycling under LD conditions (i.e.
protein levels are high in the early night, and low in the early morning) (Figure 2-6A).
We next expressed a cell membrane-targeted GFP (mCD8GFP) under the control of updGAL4, and found that the PDF-containing dorsal projection from the small LNvs lies
within clusters of Upd-expressing neurites (Figure 6B). Since these projections are the
ones typically associated with rest:activity output from small LNvs (Helfrich-Forster et
al., 2000; Williams et al., 2001), these data are consistent with a role for Upd-expressing
cells in this output. Using a Denmark reporter (Nicolai et al., 2010) we also confirmed
that the Upd neurites that contact the PDF projections are dendrites (Figure S2-6).
Finally, to visualize neurons receiving signals from UPD-secreting neurons, we
expressed an mCD8GFP under the control of the Dome-GAL4 driver. As shown in
Figure 2-6C, the expression pattern of Dome does not overlap with the major pacemaker
neurons such as the small and large LNvs, LNds, and DN1s (Nitabach and Taghert, 2008),
which is consistent with the lack of a phenotype when UAS-domeΔCYT is expressed by
tim-GAL4 (Table 2-2). However, the GFP signal is enriched in other structures such as
the Kenyon cell bodies and the αand β lobes of the mushroom bodies (MBs), the pars
intercerebralis (PI), and a bilateral pair of dorsal giant interneurons (DGIs). Notably, the
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Kenyon cell bodies of the MBs are adjacent to the dorsal neurons (DNs) and the PDFcontaining dorsal projections of small LNvs (Figure 2-6C).

Discussion
We describe here a miRNA that affects output from the circadian clock.
Although it is widely believed that microRNAs play a critical role in most biological
processes, few have been specifically implicated in circadian behavioral rhythms. In
mammals, miR-219 is involved in central clock function and miR-132 in light input to the
central clock (Cheng et al., 2007). The Drosophila miRNA, bantam, affects free-running
circadian rhythms by targeting the Clock gene (Kadener et al., 2009). Although mutants
have not been identified for any of these, the data thus far do not indicate an effect on
circadian output. We show that loss or overexpression of miR-279 disrupts rest:activity
rhythms, suggesting that it is required to maintain levels of one or more target genes
within a specific range. Given that the phenotype produced by inducibly overexpressing
miR-279 in adults is weaker than that seen when it is expressed constitutively,
developmental effects may also contribute to the circadian phenotype.
Consistent with the effects of manipulating miR-279 levels, up or down regulation
of the relevant target gene we identified, Upd, also impairs rhythmicity. We know that
levels of specific clock molecules are critical for regulating circadian rhythms. Thus, in
case of per and tim, not only does loss of these genes cause arrhythmicity, but also
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overexpression (Yang and Sehgal, 2001), the thinking being that overexpression dampens
cycles of protein expression/function that are essential for overt rhythms. However, less
is known about overexpression phenotypes of molecules that function solely in output;
PDF overexpression causes a phenotype (Helfrich-Forster et al., 2000), but PDF not only
transmits output signals, but also synchronizes clock cells (Lin et al., 2004; Stoleru et al.,
2005). In Neurofibromatosis 1 (Nf1) mutants (further discussed below), elevated MAPK
kinase activity contributes to the arrhythmic phenotype, but independent effects of
increasing MAPK or NF1 levels were not examined (Williams et al., 2001). Our data
here indicate that levels of molecules in the output pathway also have to be appropriately
regulated, and this can be accomplished by microRNAs.
UPD signals through the JAK/STAT pathway and we show here that
manipulations of other components of this pathway also disrupt behavioral rhythms. In
addition, the expression of STAT92E is cyclic. Given the critical need for appropriate
expression levels of Upd, we speculate that rhythms in STAT92E derive from circadian
regulation at the level of Upd. While levels of UPD do not appear to cycle in whole
brains (Figure S2-5A; cycling in specific cells cannot be excluded), its release may be
cyclic and changes in expression levels could impact the rhythm of release. Cyclic release
of UDP would lead to rhythmic activation of DOME and thereby STAT92E (Figure 26D). Since STAT92E regulates its own expression through feedback (Arbouzova and
Zeidler, 2006), rhythmic STAT92E activity is expected to result in cyclic expression, as
reported here. PDF is also thought to be released cyclically (Park et al., 2000) and it
regulates cycling of STAT92E (Figure 2-5B). This suggests control of the JAK/STAT
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pathway by central clock cells, which is supported by the proximity of PDF projections
and Upd neurons (Figure 2-6B and S2-6). However, rhythmic regulation of the
JAK/STAT pathway could be reinforced by clocks in other cells e.g. those in which PER
and Upd-GAL4 are co-expressed. In addition, miR-279 may regulate more than just Upd
in the JAK/STAT pathway (Yoon et al., 2011).
Our data are also the first to demonstrate a role of the JAK/STAT pathway in
circadian rhythms. To date, most studies of signaling in the circadian system have
focused on cAMP or mitogen activated protein kinase (MAPK) pathways, which may
function in all aspects of circadian timekeeping (input to the clock, clock function and
output) (Allada and Chung, 2010). However, the entire process involved in generating a
rhythm is quite complex, especially when the output is rhythmic behavior of the animal.
Thus, a network of molecules and cells is likely required, although little is known about
these. Indeed, the output pathway of the circadian system remains the most poorly
understood aspect of the system in every organism examined. While the past decade or so
has seen major advances in our understanding of clock mechanisms and mechanisms that
entrain the clock to light, mechanisms that transmit signals from the clock and produce
overt rhythms, in particular behavioral rhythms, remain a mystery. Advances in this area,
including those reported here, will provide a framework upon which whole circuits can
be assembled.
In the Drosophila circadian system, one of the points of MAPK action is
downstream of the Nf1 gene. NF1 is required downstream of the clock for rhythmic
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rest:activity and its effects on rhythms are mediated by the RAS/MAPK pathway
(Williams et al., 2001). Interestingly, NF1 affects STAT3 activity in mammalian glia and
neural stem cells, such that STAT3 signaling is hyperactivated in NF1-deficient cells
(Banerjee et al., 2010). While we do not know of a connection between NF1 and
JAK/STAT in Drosophila, it is an intriguing possibility that the two are linked in the
circadian system. Like STAT92E, MAPK activity cycles in parts of the fly brain
(Williams et al., 2001).
Upd and its receptor, Dome, are expressed widely in the fly brain. However, the
identity of most positive neurons must await further characterization of fly brain circuitry.
It is interesting though that Upd is co-expressed with PER in cells where PER cycles with
a shifted phase under LD conditions, i.e. with a phase different to that seen in all other
neurons, including the central clock cells. Two sites of Upd and PER co-expresssion are
in some of the DNs and in neurons we have termed LLNs because of their lateral location.
The identity of these PER-positive neurons is unclear at this time. The dorsal neurons are
unlikely to be the DN2s because although PER expression in DN2s is anti-phase in larvae,
it cycles with a normal phase in adult flies (Kaneko et al., 1997). Likewise, the LLNs are
probably not lateral posterior neurons (LPNs), located in the same region, because those
apparently are three in number in each hemisphere and show normal PER cycling (Shafer
et al., 2006). Based upon their position, the dorsal neurons (DNs) that express Upd could
represent a subset of the dorsal neuron cluster 1 (DN1s). Regardless of the precise cell
types in which they are expressed, Upd and Dome expression provide tools to map the
cellular circuitry of the output pathway that drives rhythmic rest:activity.
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It is likely that many other microRNAs are involved in circadian rhythms. Since
identification of such miRNAs will be difficult through traditional genetic screens, other
approaches will have to be devised. Bioinformatics to identify miRNAs that target clock
genes is obviously a viable method, but, as noted here, this approach typically identifies
many possible targets for each miRNA, only some of which are biologically relevant.
Thus, the computational analysis will have to be followed by many additional tests.
While this is still doable, another caveat of this approach is that it will restrict analysis to
miRNAs that target clock genes. Yet another approach is to identify miRNAs that are
expressed cyclically. This was done recently in Drosophila and it identified some
miRNAs, which may turn out to be important regulators of circadian rhythms (Yang et al.,
2008).
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Tables and Figures
Table 2-1. Alterations in Levels of miR-279 Disrupt Locomotor Rhythms in Flies.
Genotype

R % (n) a

Period ±SEM (hr)

FFT ±SEM

tim-GAL4/+

100 (18/18)

24.4 ±0.07

0.122 ±0.009

NE95-11-24/+

100 (26/26)

23.59 ±0.03

0.135 ±0.011

tim-GAL4/+; NE95-11-24/+

0 (0/26)

-

-

UAS-miR-279(S)/Y

100 (51/51)

23.8 ±0.03

0.111 ±0.006

UAS-miR-279(L)/Y

100 (28/28)

23.75 ±0.04

0.099 ±0.007

UAS-miR-279(S)/Y; tim-GAL4/+

2.1 (1/48)

24.67

0.05

UAS-miR-279(L)/Y; tim-GAL4/+

30 (6/20)

25.28 ±0.17

0.037 ±0.007

miR-279-GAL4/miR-279-GAL4

90 (18/20)

23.65 ±0.06

0.035 ±0.005

miR-279-GAL4/miR-279-GAL4;
NE95-11-24/+

0 (0/12)

-

-

UAS-miR-279(S)/Y; miR-279GAL4/miR-279-GAL4

11.1 (2/18)

24.08 ±0.75

0.015 ±0.002

UAS-miR-279(L)/Y; miR-279GAL4/miR-279-GAL4

0 (0/7)

-

-

elavGS/elavGS (+EtOH)

100 (8/8)

23.96 ± 0.12

0.095 ±0.018

elavGS/elavGS (+RU486)

100 (7/7)

24.63 ± 0.13

0.069 ± 0.015

UAS-miR-279(S)/Y; elavGS/elavGS
(+EtOH)

87.5 (7/8)

24.13 ±0.09

0.048 ±0.009

UAS-miR-279(S)/Y; elavGS/elavGS
(+RU486)

0 (0/8) b

25.42 ±0.07 b

0.038 ±0.009 b

UAS-miR-279(L)/Y; elavGS/elavGS
(+EtOH)

100 (8/8)

24.11 ±0.09

0.081 ±0.014

UAS-miR-279(L)/Y; elavGS/elavGS
(+RU486)

0 (0/8) b

25.22 ±0.12 b

0.056 ±0.01 b
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Table 2-1 (continued). Alterations in Levels of miR-279 Disrupt Locomotor Rhythms in
Flies.

a

Genotype

R % (n) a

Period ±SEM (hr)

FFT ±SEM

w1118 (sibling)

100 (21/21)

23.72 ±0.04

0.095 ±0.011

miR-279 ex117-1/ex117-1

33.3 (7/21) c

23.79 ±0.28 c

0.031 ±0.008 c

genomic miR-279/genomic miR-279;
miR-279 ex117-1/ex117-1

95.5 (21/22)

23.82 ±0.08

0.103 ±0.008

Flies showing a Fast Fourier Transform (FFT) value >0.01 are counted as rhythmic (R).

The average periods and FFTs shown represent the average ±standard error of the mean
(SEM) for all rhythmic flies.
b

The flies became arrhythmic 4-5 days after transferring to DD. Periods and FFTs during

the first 5 days in DD are shown.
c

Only those flies surviving more than 5 days in DD were included.
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Table 2-2. miR-279 Acts through the JAK/STAT Pathway to Regulate Locomotor
Activity Rhythms.
Genotype

R % (n)

Period ±SEM (hr)

FFT ±SEM

UAS-UpdRNAi/+

100 (42/42)

23.88 ±0.03

0.102 ±0.005

tim-GAL4/+; UAS-UpdRNAi/+

21.4 (9/42)

24.83 ±0.16

0.038 ±0.005

miR-279-GAL4/+

100 (17/17)

23.53 ±0.07

0.096 ±0.008

miR-279-GAL4/+; UAS-UpdRNAi/+

42.9 (15/35)

24.04 ±0.1

0.07 ±0.008

Pdf-GAL4/+; Pdf-GAL4/+

100 (10/10)

24 ±0.08

0.114 ±0.012

Pdf-GAL4/+; Pdf-GAL4/UASUpdRNAi

100 (17/17)

24.2 ±0.05

0.07 ±0.008

TUG/+

100 (18/18)

24.06 ±0.08

0.124 ±0.012

TUG/+; UAS-UpdRNAi/+

86.7 (13/15)

24.68 ±0.08

0.057 ±0.007

TUG/TUG; UAS-UpdRNAi/+

42.1 (8/19)

26.12 ±0.25

0.044 ±0.006

miR-279 ex117-1/ex117-1

33.3 (7/21)a

23.79 ±0.28a

0.031 ±0.008a

TUG/+; UAS-UpdRNAi, miR-279

91.7 (11/12)

24.57 ±0.17

0.051 ±0.012

UAS-Upd/+

100 (18/18)

23.57 ±0.05

0.145 ±0.009

tim-GAL4/UAS-Upd

0 (0/24)

-

-

UAS-Upd/+; elavGS/elavGS
(+EtOH)

87.5 (14/16)

23.63 ±0.09

0.056 ±0.009

UAS-Upd/+; elavGS/elavGS
(+RU486)

33.3 (5/15)

23.45 ±0.11

0.03 ±0.011

Dome-GAL4/+

75 (12/16)

23.8 ±0.12

0.031 ±0.008

100 (17/17)

23.28 ±0.07

0.142 ±0.015

15.4 (2/13)

24.09 ±0.09

0.03 ±0.009

100 (16/16)

23.83 ±0.05

0.192 ±0.016

ex117-1/ex117-1

UAS-dome

ΔCYT

/+

Dome-GAL4/+; UAS-dome
tim-GAL4/UAS-dome

ΔCYT

ΔCYT

/+
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Table 2-2 (continued). miR-279 Acts through the JAK/STAT Pathway to Regulate
Locomotor Activity Rhythms.

a

Genotype

R % (n)

Period ±SEM (hr)

FFT ±SEM

w1118 (sibling)

97.1 (34/35)

23.57 ±0.05

0.088 ±0.007

w1118, hop25/Y

32 (8/25)

23.62 ±0.18

0.038 ±0.005

UAS-hopTuml/+; elavGS/+ (+EtOH)

100 (10/10)

23.6 ±0.09

0.085 ±0.012

UAS-hopTuml/+; elavGS/+ (+RU486)

16.7 (2/12)

23 ±0.25

0.018 ±0.002

Upd-GAL4/Y

100 (19/19)

23.7 ±0.03

0.095 ±0.006

UAS-NachBac/+

100 (15/15)

23.6 ±0.06

0.08 ±0.009

Upd-GAL4/Y; UAS-NachBac/+

26.7 (4/15)

23.77 ±0.22

0.034 ±0.009

UAS-dTrpA1/+ (21°C)

100 (16/16)

23.75 ±0.07

0.05 ±0.005

UAS-dTrpA1/+ (28°C)

100 (16/16)

23.69 ±0.06

0.075 ±0.009

Upd-GAL4/Y; UAS-dTrpA1/+
(21°C)

86.7 (13/15)

23.61 ±0.07

0.034 ±0.004

Upd-GAL4/Y; UAS-dTrpA1/+
(28°C)

35.7 (5/14)

23.28 ±0.15

0.021 ±0.003

UAS-shiTS/+ ; UAS-shiTS/+ (21°C)

93.8 (15/16)

24.01 ±0.12

0.033 ±0.004

UAS-shiTS/+ ; UAS-shiTS/+ (29°C)

100 (15/15)

23.31 ±0.13

0.062 ±0.008

Upd-GAL4/Y; UAS-shiTS/+; UASshiTS/+ (21°C)

93.3 (14/15)

23.96 ±0.09

0.047 ±0.007

Upd-GAL4/Y; UAS-shiTS/+; UASshiTS/+ (29°C)

100 (15/15)

24.63 ±0.09

0.066 ±0.01

The miR-279 mutant data shown here for comparison are the same as those in Table 2-1.
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Figure 2-1
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Figure 2-1. Overexpression of miR-279 Disrupts Locomotor Activity Rhythms. (A)
Map of the miR-279 locus and transgenic constructs. An EP element (NE95-11-24, black
triangle) is mapped 1.3kb upstream of miR-279. Two UAS-miR-279 transgenic lines were
generated with a 1kb (L) or a 150bp (S) genomic region of miR-279 fused to UAS. A
miR-279-GAL4 reporter (Cayirlioglu et al., 2008) comprises the entire promoter of miR279 fused to GAL4. (B) Overexpression of miR-279 by driving expression of NE95-1124 or a UAS-miR-279 (L) transgene. q-PCR analysis of total RNA prepared from adult
heads. The ratio of mature miR-279/2s rRNA was plotted as mean ± standard deviation
(SD) (** P<0.001, * P<0.01, by Student’s t test). Levels were normalized relative to the
levels seen in timG4/+ control flies (set as 1). (C) Overexpression of miR-279 leads to
behavioral arrhythmia in DD. The genotypes are indicated on top of the panels. The grey
and black bars indicate subjective day and night respectively. Average periods (τ) of
rhythmic flies are shown at the bottom of the panels. Representative activity records are
shown. (D) Panneuronal induction of miR-279 in adulthood leads to a long period, which
eventually degenerates into arrhythmia. Flies were reared and then aged for 3 days
following eclosion on regular food. They were fed either 500μM RU486 or ethanol
(EtOH, vehicle control) from the time of entrainment. Average periods of the first 5 days
in DD (τ) are shown beneath the panels.
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Figure 2-2
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Figure 2-2. Deletion of miR-279 Reduces Behavioral Rhythmicity without Changing
PER Cycling in Small LNvs. (A) The miR-279 excision allele and genomic rescue
construct (Cayirlioglu et al., 2008). The null allele ex117-1 (dashed line, Δ1.2kb)
completely deletes the miR-279 gene. The miR-279 genomic construct (filled line, 3kb)
comprises the entire promoter and coding region of miR-279. (B) The ex117-1 allele
completely abolishes production of mature miR-279. q-PCR analysis of total RNA
prepared from adult brains. The ratio of mature miR-279/2s rRNA was plotted as mean ±
SD (** P<0.001, by Student’s t-test). Levels were normalized relative to those seen in
w1118 control (set as 1). (C) Deletion of miR-279 disrupts activity rhythms, which can be
rescued by introducing a miR-279 genomic transgene. After being outcrossed 7 times into
a w1118 background, flies homozygous for ex117-1 live up to two weeks as adults. w1118
flies derived from siblings during the last outcross were used as wild-type control
(indicated as “sibling”). (D) The null allele of miR-279 shows normal PER oscillations
and PDF expression in central clock cells. Brains were dissected and stained with PER
(red) and PDF (green) antibodies on the third day of DD at the indicated circadian times
(CT).
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Figure 2-3
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Figure 2-3. Unpaired (Upd) Is a Direct Target of miR-279. (A) RNAi knock-down of
the JAK/STAT ligand Upd abolishes behavioral rhythms. Expression of Upd-RNAi in
either miR-279 or tim-expressing neurons, but not in Pdf neurons, causes arrhythmia. (B)
A highly conserved 8 nucleotide miR-279 target site in the 3’UTR of Upd mRNA. A
predicted miR-279 binding site (shaded boxes) is conserved within the 3’UTR sequences
of Upd mRNAs from different Drosophila species (TargetScanFly 5.1). Base-pairing
between the consensus target site and the mature miR-279 is shown. A miR-279 mutant
containing mismatched nucleotides (green) is shown at the bottom of the panel. (C) miR279 inhibits expression of an Upd 3’UTR-luciferase reporter in cultured Drosophila S2
cells. The entire 750bp sequence of Upd 3’UTR, containing one conserved 8-mer (red
box, by TargetScanFly 5.1) and 4 other putative miR-279 target sites (pink boxes, by
RNAhybrid), was fused to a firefly luciferase (F luc, yellow bar) reporter construct
(shown beneath the panel). An empty vector, or a wild-type or a mutant miR-279 (as
shown in panel B) expression plasmid was cotransfected with the firefly luciferase
reporter plasmid. Renilla luciferase was used as transfection control. The ratio of
firefly/Renilla luciferase is plotted as mean ± SD of triplicate data points (** P<0.001, by
Student’s t test). The control with the empty vector is set as 1. (D) miR-279 is a negative
regulator of Upd mRNA in vivo. Bars depict q-PCR analysis of total RNA prepared from
fly brains (red bars) or fly heads (blue bars). The level of Upd in ex117-1 was normalized
to that in w1118 control (set as 1, red bars). The levels of Upd in flies overexpressing miR279 were normalized to those in timG4/+ control (set as 1, blue bars). The ratios of
Upd/Actin mRNA are plotted as mean ± SD (** P<0.001, *P < 0.01, by Student’s t test).
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(E) RNAi knockdown of Upd rescues the arrhythmia of miR-279 nulls. TUG is a
comparatively weak tim-GAL4 driver (see text). The ex117-1 mutant and flies expressing
Upd-RNAi with TUG alone served as controls.
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Figure 2-4
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Figure 2-4. The JAK/STAT Signaling Pathway Is Required for Locomotor Activity
Rhythms. (A) Panneuronal induction of Upd in adulthood leads to arrhythmia. Flies were
reared on regular food. 500μM RU486 or ethanol (EtOH, control) was administered in
the food from the time of entrainment. (B) Blocking JAK/STAT signaling with a
dominant-negative form of the receptor Domeless (domeΔCYT) leads to arrhythmia. The
Dome-GAL4 driver (Ghiglione et al., 2002) causes lethality in males, and thus only
females were tested. (C) A hypomorphic mutation of JAK kinase Hopscotch (hop25)
causes loss of activity rhythms. The hop25 allele is a Q246K point mutation of the Hop
gene (Luo et al., 1999). (D) Overexpression of a constitutively active form of Hop
(hopTuml) in the adult nervous system disrupts activity rhythms. The gain-of-function
mutation, hopTuml, is a G341E single amino acid substitution in the Hop gene (Harrison et
al., 1995; Luo et al., 1995). (E) The hop25 mutants show normal PER cycling and PDF
expression in central pacemaker neurons. Brains were dissected and stained with PER
(red) and PDF (green) antibodies on the third day of DD at the indicated circadian times
(CT).
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Figure 2-5
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Figure 2-5. JAK/STAT Signaling Is downstream of the Central Clock and the PDF
Receptor (PDFR). Flies of the indicated genotypes were collected at different circadian
times (CT) on the first (DD1) or second (DD2) day of DD. Protein extracts of brains were
subjected to western blot analysis using antibodies specific for STAT92E and loading
controls (MAPK or HSP70). Multiple bands are detected for STAT92E, of which the
fastest mobility forms are expressed cyclically (indicated with asterisks). Each
experiment was conducted three times and quantified STAT92E and loading control
levels were normalized to those at CT2 of wild-type controls in each gel. The
quantification curves in each panel were plotted as the average ± standard error of the
mean (SEM) of three independent western blots. (A and B) STAT92E protein levels
cycle in fly brains and are regulated by the circadian clock and PDFR. STAT92E levels at
the trough (CT2 and CT20) are significantly lower than at the peak (CT8 and CT14) in
w1118 control flies (P<0.01), but not so in ClkJrk mutants (P=0.39) by Student’s t test
(panel A). Although random fluctuations were observed in ClkJrk mutants, a 24 h
oscillation was not detected in any of multiple experiments. One-way ANOVA detects a
significant cycle in both w1118 and Pdfrhan5304 mutants (panel B), and two-way ANOVA
indicates that the oscillation is altered in Pdfrhan5304 (P<0.05). The ClkJrk and Pdfrhan5304
mutations were confirmed by probing with CLK and PDFR antibodies using fly head
extracts. (C) The cycling of STAT92E is disrupted when hopTuml is overexpressed in the
adult nervous system. 500μM RU486 or ethanol (EtOH, control) was administered in the
food to induce elavGS from the time of entrainment. One-way ANOVA detects a cycle in
the ethanol control (P<0.05), but not in RU486 treated flies (P=0.93). (D) STAT92E
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protein levels continue to cycle on DD2 in wild type flies but the cycling is dampened in
miR-279 mutants. STAT92E levels at the peak (CT8) are significantly higher than at
other time points (CT2, CT14 and CT20) in wild-type flies (P<0.01), but not so in ex1171 flies (P=0.46) by Student’s t test. The daily expression of STAT92E in ex117-1 flies is
significantly different from that in w1118 flies (P<0.05, by two-way ANOVA).
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Figure 2-6
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Figure 2-6. JAK/STAT Signaling and miR-279 Are in a Circadian Output Circuit.
(A) The expression pattern of Upd includes dorsal neurons (DNs) and lateral located
neurons (LLNs), which show shifted-phase expression of PER. Brains of Upd-GAL4:
nGFP flies were dissected and stained with GFP (green) and PER (red) antibodies at
indicated Zeitgeber times (ZT) on the 4th day in LD. PER protein levels are high in the
early night in a subset of DNs and LLNs, but high in the early morning in other clock
neurons. (B) PDF-containing dorsal projections from the central clock are in the vicinity
of Upd-expressing neurons. A membrane-targeted mCD8GFP was expressed under the
control of Upd-GAL4. Brains were dissected and stained with GFP (green) and PDF (red)
antibodies. An enlarged image is shown on the right of the panel. Upd-expressing
neurons are indicated with white arrows. (C) Dome expresses in the mushroom bodies
(MBs), pars intercerebralis (PI), and dorsal giant interneurons (DGIs). An mCD8GFP
was expressed under the control of Dome-GAL4. Brains were dissected at ZT2 on the 4th
day in LD and stained with GFP (green), PER (red) and PDF (blue) antibodies. (D)
Model depicting the role of miR-279 and JAK/STAT signaling in a circadian behavioral
output. We propose that the central clock affects cyclic secretion of the UPD protein from
cells that act downstream of PDF signaling. The mRNA levels of Upd in these neurons
are negatively modulated by miR-279. UPD may rhythmically activate the DOME
receptor in Dome-expressing cells, which would lead to daily oscillations of JAK/STAT
activity and therefore of STAT92E levels (see Discussion). Rhythmic activity of this
pathway is likely required for rest:activity rhythms.
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Supplemental Figure S2-1
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Supplemental Figure S2-1. Effects of Expressing miR-279 in Adults, Using tim and
miR-279 GAL4 Drivers. (A) miR-279-GAL4 is not expressed in small LNvs. 5-6 days
old flies expressing nuclear GFP (nGFP) under the control of miR-279-GAL4 were
entrained to LD for 3 days. Brains were dissected and stained with GFP (green) and PER
(blue) antibodies at ZT1 on the 4th day in LD. 8-10 brains were examined. (B and C)
Tissue specific induction of miR-279 in adulthood disrupts locomotor activity rhythms.
To restrict expression of UAS-miR-279 to adults, a tim-UAS-GAL4 (TUG) (panel B) or
two copies of miR-279-GAL4 (panel C) were repressed during development by a tubulinGAL80ts (McGuire et al., 2004). Flies were reared and then entrained for 3 days
following eclosion at 18°C. Free-running activity rhythms were monitored for 5 days at
18°C, and then the temperature was shifted to 29°C (shaded time periods) to inactivate
the GAL80ts and allow overexpression of miR-279 by NE95-11-24 (panel B) or UASmiR-279 (L) (panel C). Average periods (τ), percentages and raw numbers of flies at
29°C are shown beneath the panels.
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Supplemental Figure S2-2
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Supplemental Figure S2-2. miR-279 Does Not Affect Clock Function, nor Is It
Regulated by the Clock. (A and B) A null allele of miR-279 shows normal PER
oscillations and PDF expression in ventral lateral neurons. (A) Brains were dissected and
stained with PER (red) antibody on the first day of DD at the indicated circadian times
(CT). This experiment was performed twice, and 6-7 brains were stained for each time
point. (B) Sibling controls and ex117-1 flies were dissected and stained with PDF
antibody on the third day of DD. PDF projections from LNvs to optic lobes and those to
dorsal brains are shown in green. 7-8 brains were examined for each genotype. (C and D)
Levels of mature miR-279 are not under the control of the central clock. (C) Levels of
mature miR-279 do not cycle in LD. Bars depict q-PCR analysis of total RNA prepared at
indicated Zeitgeber times (ZT) from adult brains of isogenic w1118. The ratio of mature
miR-279/2s rRNA was plotted as mean ± SD. Levels were normalized relative to those
seen at ZT1 (set as 1). (D) Levels of miR-279 are not altered in clock gene mutants tim01
and ClkJrk. q-PCR analysis of total RNA prepared from adult heads of the indicated
genotypes at ZT4 (white bars) and ZT16 (black bars). The ratio of mature miR-279/U27
was plotted as mean ± SD. Levels were normalized relative to those seen in control flies
(sib) for each mutant at ZT4.
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Supplemental Figure S2-3
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Supplemental Figure S2-3. Identification of Upd as a Target of miR-279. (A)
Potential mRNA targets of miR-279, predicted by three algorithms- PicTar (red,
http://pictar.mdc-berlin.de/), TargetScanFly5.1 (green, http://www.targetscan.org/fly/)
and MiRanda (blue, MicroCosm, http://www.ebi.ac.uk/enright-srv/microcosm/htdocs
/targets/v5/). The numbers shown indicate the number of target mRNAs predicted by two
or three algorithms. (B) Panneuronal knock-down of Upd mRNA by Upd-RNAi. Bars
depict q-PCR analysis of total RNA prepared from fly heads of the indicated genotypes.
The flies with Upd-RNAi or elav-GAL4 alone served as controls. The ratios of Upd/Actin
mRNA are plotted as mean ± SD (** P<0.001, by Student’s t-test).

- 85 -

Supplemental Figure S2-4
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Supplemental Figure S2-4. Upd-Expressing Neurons Are Necessary for Circadian
Activity Rhythms. (A) Rapid suppression of Upd-producing neurons lengthens the
period of activity rhythms in adults. Flies were reared and entrained at permissive
temperature (21°C). Free-running activity rhythms were monitored for 5 days at 21°C
and then the temperature was shifted to 29°C (shaded time periods) to block synaptic
transmission by shibireTS for 5 days, after which the temperature was reverted to 21°C.
(B) Acute activation of Upd-expressing neurons abolishes activity rhythms in adults.
Upd-GAL4; UAS-dTrpA1 and control flies were reared and entrained at 21°C.
Locomotor activity was monitored in DD for 5 days at 21°C and then the temperature
was increased to 28°C (shaded time periods) to activate dTrpA1 channel. Data were
collected for 5 days at 28°C before the temperature was reduced back to 21°C.
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Supplemental Figure S2-5
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Supplemental Figure S2-5. Daily Expression of JAK/STAT Components in Fly
Brains. (A) Major UPD and HOP bands do not show obvious oscillations in fly brains
under DD conditions. Wild-type (w1118) fly brains were collected at indicated circadian
times (CT) on the first day in DD. Protein extracts were subjected to western blot analysis
using antibodies specific for UPD and HOP. A potential phosphorylated band of HOP is
expressed cyclically and is indicated with an asterisk. MAPK is a loading control. (B)
The daily oscillation of STAT92E is dampened in per01 mutants. Fly brains of wild-type
control (yw) and yw,per01 flies were collected at indicated circadian times (CT) on the
first day in DD. Protein extracts were subjected to western blot analysis using antibodies
specific for STAT92E and PER. The cycling STAT92E bands are indicated with an
asterisk. MAPK is a loading control.
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Supplemental Figure S2-6

Supplemental Figure S2-6. Small LNvs Send PDF-Containing Forsal Projections to
the Dendrites of Upd-Expressing Neurons. Two transgenes were expressed under the
control of Upd (E132)-GAL4: an mCherry-tagged mammalian ICAM5 (UAS-Denmark)
to label dendrites (Nicolai et al., 2010), and a GFP-labeled synaptotagmin (UAS-SytEGFP) to label axons (Wang et al., 2007). Brains were dissected and stained with RFP
(mCherry, red), GFP (green) and PDF (blue) antibodies. An enlarged image is shown on
the right. Overlap of PDF projection and the dendrites of Upd-expressing neurons is
indicated with white arrows.
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Supplemental Table S2-1. Putative miR-279 Targets Predicted by Three Computational
Algorithms.
Flybase Id

PicTar score

Annotation

CG10580_RA

1.95

FBgn0011591;fng;fringe;NA;UDP-glycosyltransferase

CG1214_RA

2.88

FBgn0003295;ru;roughoid

CG12245_RA

2.93

FBgn0014179;gcm;glial cells missing

CG12403_RA

3.68

FBgn0020368;Vha68-1

CG13344_RA

1.94

FBgn0033884;CG13344

CG13906_RA

33.24

FBgn0028999;nerfin-1;nervous fingers 1

CG14041_RA

5.55

n/a

CG14041_RB

5.3

n/a

CG1447_RA

1.89

FBgn0020912;Ptx1

CG1447_RB

1.89

FBgn0020912;Ptx1

CG1447_RC

1.89

FBgn0020912;Ptx1

CG15212_RA

3.25

FBgn0040842;CG15212

CG17835_RB

3.14

FBgn0001269;inv;invected

CG17835_RD

3.14

FBgn0001269;inv;invected

CG32250_RA

3.57

FBgn0052250;CG32250

CG32813_RF

1.31

FBgn0052813;CG32813

CG3758_RA

2.17

FBgn0001981;esg;escargot

CG3827_RA

3.41

FBgn0004170;sc;scute

CG3850_RA

3.95

FBgn0033782;CG3850

CG4032_RA

2.95

FBgn0000017;Abl;Abl tyrosine kinase

CG5588_RA

2.6

FBgn0039532;Mtl;Mig-2-like

CG5588_RB

2.6

FBgn0039532;Mtl;Mig-2-like
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Supplemental Table S2-1 (continued). Putative miR-279 Targets Predicted by Three
Computational Algorithms.
CG5588_RC

2.6

FBgn0039532;Mtl;Mig-2-like

CG5993_RA

2.49

FBgn0004956;os;outstretched

CG6520_RA

8.4

FBgn0034224;CG6520

CG7525_RA

1.36

FBgn0014073;Tie;Tie-like receptor tyrosine kinase

CG7802_RA

2.31

FBgn0039704;CG7802

CG7802_RB

2.31

FBgn0039704;CG7802

CG7979_RA

2.63

FBgn0035848;CG7979

CG8285_RA

3.79

FBgn0000206;boss;bride of sevenless

CG8298_RA

3.49

FBgn0033673;CG8298

CG8298_RB

3.49

FBgn0033673;CG8298

CG9083_RA

2.62

FBgn0035077;CG9083

CG9376_RA

3.19

FBgn0036893;CG9376

CG9811_RA

2.53

n/a
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Abstract
Sleep:wake cycles break down with age, but the causes of this degeneration are
not clear. Using a Drosophila model we addressed the contribution of circadian
mechanisms to this aged-induced deterioration. We found that in old flies free-running
circadian rhythms (behavioral rhythms assayed in constant darkness) have a longer
period and an unstable phase before they eventually degenerate. Surprisingly, rhythms
are weaker in light:dark cycles and the circadian-regulated morning peak of activity is
diminished under these conditions. On a molecular level, aging results in reduced
amplitude of circadian clock gene expression in peripheral tissues. However, oscillations
of the clock protein PERIOD (PER) are robust and synchronized among different clock
neurons, even in very old, arrhythmic flies. To improve rhythms in old flies, we
manipulated environmental conditions, which can have direct effects on behavior, and
also tested a role for molecules that act downstream of the clock. Coupling temperature
cycles with a light:dark schedule or reducing expression of protein kinase A (PKA)
improved behavioral rhythms and consolidated sleep. Our data demonstrate that a robust
molecular time-keeping mechanism persists in the central pacemaker of aged flies, and
reducing PKA can strengthen behavioral rhythms.

Introduction
A prominent problem among the elderly is that of disrupted sleep:wake cycles
(Duffy and Czeisler, 2002). The mechanisms underlying this disruption are not
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understood, although decrements in circadian clock function are a distinct possibility.
While there is no age-related loss of neurons in the central pacemaker, the
suprachiasmatic nucleus (SCN) in hypothalamus (Madeira et al., 1995), the amplitude of
the electrical activity rhythm is reduced in older animals (Satinoff et al., 1993; Watanabe
et al., 1995; Aujard et al., 2001). This weakening of rhythm strength is thought to be due
to decreased amplitude of individual SCN neurons and increased variability among
neurons (Aujard et al., 2001). Transplantation of a fetal SCN into aged animals restored
circadian rhythms in levels of hypothalamic corticotrophin-releasing hormone (CRH)
mRNA, supporting the idea that the central pacemaker is a target of the aging process
(Cai et al., 1997). However, the effect of aging on the molecular clock within SCN
neurons is unclear. Some studies reported reduced expression of specific clock genes in
the aged SCN, although the genes affected may vary by species (Weinert et al., 2001;
Kolker et al., 2003), but other studies found robust cycling of circadian clock gene
transcription (Asai et al., 2001). In addition, expression of a per1-luciferase reporter is
robust in the aged rat SCN although the free-running period is significantly shorter
(Yamazaki et al., 2002), while per2-luciferase reporter cycling is dampened in the SCN
of middle aged mice (Nakamura et al., 2011). At the protein level, age affects the
amplitude and/or phase of expression of the CLOCK and BMAL1 clock proteins in
several extra-SCN regions, but not in the mouse SCN (Wyse and Coogan, 2010). A
recent study found minor deficits of PER2 expression in the SCN of middle-aged mice
(Nakamura et al., 2011).
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Given that the SCN consists of tens of thousands of heterogeneous neurons, it is
possible that a small population of SCN neurons is sufficient to affect locomotor rhythms
(Pendergast et al., 2009), and age-related changes in these neurons are not always
sampled in preparations using SCN explants or sections. In contrast, the circadian
pacemaker network in the Drosophila brain consists of distinct groups of clock neurons
totaling ~150 (see review in (Nitabach and Taghert, 2008)). The distinct spatial
organization of the Drosophila circadian oscillator provides an ideal system to address
potential age-related defects in the circadian timekeeping network.
To determine if circadian deregulation contributes to the aging phenotype, we
systematically analyzed flies of different age groups for deficits in the circadian systemrest:activity behavior in free-running conditions and cyclic expression of clock gene
products in peripheral and central clocks. We report here that middle aged flies display
longer circadian periods, and older flies, particularly females, show an unstable
rest:activity pattern that eventually degenerates into arrhythmia. While circadian
expression of clock genes in peripheral tissues declines, molecular oscillations of the
central clock are robust and also synchronized among the clock network, even in
arrhythmic flies at the terminal life stage. Interestingly, manipulations of environmental
conditions, such as coupling the light:dark cycle with a temperature cycle, or reduction of
PKA, improve the strength of behavioral rhythms.
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Methods
Fly Strains and Aging Procedure
All fly stocks were maintained on standard molasses-cornmeal-yeast food. An
isogenic w1118 (iso31) strain was used as wild-type in this study (Koh et al., 2008). For
the aging experiment, iso31 flies were collected within 1-2 days after eclosion from
density-controlled cultures, and maintained in a vial with 15 pairs of females and males.
Flies were kept in 12h:12h light:dark cycles at 25°C and flipped into fresh vials every 4
days during the light phase. Progenies of ~30-40 days old flies aged in this fashion were
used as young controls. Pka-C1BG02142 (P element insertion in the 5’ UTR) and PkaC1EY08221 (P element insertion in the promoter) mutations were out-crossed into the iso31
background for 5-7 generations to generate mutant and sibling control progenies.

Circadian behavioral and sleep assays
To assess the circadian locomotor activity rhythm, light:dark cycle entrained
young and old flies were loaded in glass tubes containing 5% sucrose- 2% agar food.
Locomotor activities were monitored for more than 7 days using the Drosophila Activity
Monitoring System (Trikinetics, Waltham, MA, USA) in a 12h:12h light:dark (LD),
constant darkness (DD) or varying photoperiod at 25°C (except the temperature cycle
experiment where 25 °C is coupled to light phase and 21°C is coupled to dark phase).
Activity counts were collected in 5 min bins and analyzed using ClockLab (Actimetrics,
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Wilmette, IL, USA). Rhythmicity is determined by χ2 periodogram analysis for flies that
have activity records for more than 5 days. Flies with a FFT (fast Fourier transform)
value lower than 0.01 were counted as arrhythmic. For sleep analysis, flies were
monitored under LD condition and locomotor activity data was collected in 1 min bins.
Raw data from first day was discarded. Consecutive immobility of >5 min was counted
as a sleep bout.

Whole-Fly Luciferase Reporter Activity Assay
Female per-luciferase transgenic flies (BG-luc) were crossed to iso31 male flies
and progenies were collected and aged as described above. Young and old male flies
were loaded into an opaque 96-well plate that contains 500μM firefly luciferin (Biosynth
AG, Rietlistr, Switzerland) mixed in food with 5% sucrose and 2% agar. The plate was
then loaded into a Topcount NXT luminometer (PerkinElmer, Waltham, MA, USA) at
the light-dark transition of the LD cycle, and monitored in constant darkness over 5 days
at 25°C. Each well was read twice in a 30-min interval. Raw data were imported and
analyzed in Excel.

Quantitative Real-time PCR and Western Blot Analysis
Young and aged flies were collected on dry ice at indicated time points in LD or
DD. Total RNA was isolated using Trizol isolation system (Invitrogen, Carlbad, CA,
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USA), and cDNAs were synthesized by using a high-capacity cDNA Archive kit
(Applied Biosystems, Foster City, CA, USA). Quantitative real-time PCR was performed
in an ABI prism 7100 using a SYBR Green kit (Applied Biosystems). For Western blot
analysis, flies were collected at indicated time points in LD or DD and fly heads were
separated for protein extraction using standard cell lysis protocol. After SDS-PAGE,
proteins were transferred onto nitrocellulose membrane and processed for antibody
incubation. Primary antibodies Rabbit anti-PER (PA1139), and Rat anti-TIM (UPR41)
were used at 1:1000 dilution. Following enhanced chemiluminescence, images were
taken in a Kodak image station or exposed to a film, and images were processed using
Adobe Photoshop.

Immunohistochemistry Analysis of Whole-Mount Brain and Frozen Head Sections
For whole-mount brain immunohistochemistry, young and aged flies were
collected for brain dissection at indicated circadian times. Brains were fixed with 4%
para-formaldehyde (PFA) in PBS (pH 7.4) for 45 min at room temperature. After three 15
min washes with 0.3% Triton X-100 in PBS, samples were incubated with 5% normal
donkey serum in PBS-Triton X-100. Brains were then incubated with primary antibodies
rat anti-PER (UPR34, 1:1000 dilution) and rabbit anti-PDF (HH74, 1:800 dilution) or
mouse anti-PDF (C7, Developmental Studies Hybridoma Bank, 1:1000 dilution)
overnight at 4°C with gentle shaking. After three 20 min washes, brains were incubated
with secondary antibodies donkey Cy3 anti-rat and FITC anti-rabbit or mouse (Jackson
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ImmunoResearch Laboratories, West Grove, PA, USA) for 2 h at room temperature,
followed by extensive washes. Samples were mounted onto a slide with Vectashield
mounting medium (Vector Laboratories, Burlingame, CA, USA) and imaged using a TCS
SP5 confocal microscope (Leica Camera AG, Solms, Germany), with the same settings
for all samples. Nine to twelve fly brains were examined for each time point. PER
staining intensity was scored by eye. Dorsal neurons near the vicinity of PDF projection
that showed opposite phase of cycling to other clock neurons were excluded from scoring.
Net pixel intensity of PDF staining at the terminus of the dorsal projection from the
lateral neurons was measured using a Kodak Molecular Imaging quantification program.
For immunohistochemistry analysis of cryostat sections, 8-12 heads of young or
old flies were collected at indicated Zeitgeber times. The proboscises were removed and
the heads were fixed in 2% PFA in PBS for 90 min at 4°C with gentle shaking. After
three 15 min washes with PBS, samples were infiltrated with 12% sucrose in PBS
overnight at 4°C. The heads were then removed from the solution and embedded with a
drop of O.C.T. TissueTek compound (Sakura Finetek, USA). The frozen samples were
sectioned at 15 µm by using cryostat (Leica CM3050, Wetzlar, Germany) and sections
were mounted onto Plus slides and kept at -20°C. Slides were warmed up and fixed again
with 0.5% PFA in PBS for 60 min at room temperature, followed by three quick washes.
Slides were then incubated with 5% normal donkey serum in PBS-0.3% Triton X-100 for
2 h at room temperature, and then incubated with primary rat anti-PER antibody (UPR34,
1:1000 dilution) overnight at 4°C. After three 5 min washes, slides were incubated with
secondary donkey Cy3 anti-rat antibody (Jackson ImmunoResearch Laboratories, West
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Grove, PA, USA) for 2 h at room temperature, followed by four 5 min washes. Slides
were mounted with Vectashield mounting medium (Vector Laboratories, Burlingame,
CA, USA) and imaged using the TCS SP5 confocal microscope.

Results
Circadian Behavioral Rhythms Deteriorate as a Function of Age
The isogenic w1118 (iso31) strain used in this study lives up to ~90 days on
standard culture medium when reared under 12h:12h light:dark (LD) cycles at 25°C (Koh
et al., 2008). To specifically assess the impact of aging on free-running circadian rhythms
(those driven by a circadian clock in the absence of environmental cues), we monitored
the locomotor activity of individual flies at different ages in constant darkness (DD). Five
age groups were examined: young (5-8 days), middle-aged (40-43 days), old (two
subgroups of 53-57 days and 69-71 days) and those in the terminal life stage (79-80 days).
While young flies (5-8 days) have robust rest:activity rhythms, most aged flies
show long period and a significant portion of them display an unstable behavioral pattern,
which includes instability of phase and increased arrhythmicity (Table 3-1; Figure 3-1
and S3-1). More female flies display these changes than do males in all age groups.
Interestingly, some aged flies show shifts in the phase of activity in a consistent fashion
within each gender: every 4-5 days for females and 5-6 days for males (Figure 3-1A and
S3-1). This shift is also accompanied by a change of circadian period, especially in some
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aged females: while these flies have a longer circadian period for the first few days in DD,
a shorter circadian period follows the shift. However, the apparent change of period may
result from a change in activity distribution, or a change in the length of the active phase
(see Discussion). The overall circadian period (tau), measured over an extended period of
time in DD, is longer in aged flies, with the exception that rhythmic female flies at the
terminal life stage have a period length comparable to that of young flies (Table 3-1;
Figure 3-1C). Since most flies are arrhythmic at this stage, those that are rhythmic may
be relatively resistant to effects of age on the circadian system, therefore the normal
period.

Old Flies Have Weaker Rhythms in the Presence of Light:Dark Cycles and Lack the
Robust Circadian Morning Peak of Activity
We reported previously that rest:activity rhythms become weaker with age (Koh
et al., 2006). In the current study, despite the changes described above, the circadian
rhythm was generally found to be more robust, at least for the first few days in DD. Since
the previous experiments monitored activity in the presence of light:dark cycles, whereas
here we assayed DD behavior so as to focus on circadian regulation, it seemed likely that
the differences arose from the different environmental conditions. Indeed, when we
compared the LD and DD behavior of old flies, we found that the overall rhythm is much
weaker in LD (Table 3-1). As noted below, this may be due, in part, to inhibitory effects
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of light on aspects of oscillator function. Alternatively, or in addition, it could reflect
circadian-independent influences of age on sleep (see Discussion).
Under normal 12h:12h LD conditions, a two oscillator network drives a bimodal
pattern of activity that has pronounced morning and evening peaks of activity (Nitabach
and Taghert, 2008). When we compared the behavioral profiles of young and old flies
(53d) in 12h:12h LD cycles, we noticed that old flies display reduced morning
anticipation and peak activity, and increased activity in early evening (Figure 3-2A). To
more carefully evaluate the effect of age on morning and evening oscillators, we exposed
flies to different photoperiods that tend to favor one oscillator over the other. Since light
inhibits output from the morning oscillator (Picot et al., 2007), evening oscillator activity
dominates under a long summer-like photoperiod (Stoleru et al., 2007); while the
morning oscillator dominates in short photoperiods. In a long photoperiod (16h:8h LD),
young flies have a reduced morning peak, and so look quite similar to old flies (Figure 32A). On the other hand, both groups of flies, even the old ones display a strong evening
peak (Figure 3-2A). To test if a shorter photoperiod could enhance the morning peak of
activity in old flies, we exposed flies to a 8h:16h LD cycle. Consistent with previous
observations (Shafer et al., 2004), it dramatically increased morning anticipatory activity
in young flies, but less so in old flies (Figure 3-2A and 3-2B). Instead, the short
photoperiod consolidated activity in the early evening in the old flies (Figure 3-2A).
Together these data suggest that either the function of or the output from the morning
oscillator is weakened during aging.
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Molecular Circadian Oscillations Are Reduced in Peripheral Tissues during Aging
To determine the effects of aging on the molecular oscillator, we first examined
the expression of circadian clock genes at the mRNA level in fly heads. The bulk of clock
gene mRNA in the head is derived from the eye, which contains its own circadian clock
(Plautz et al., 1997) and thereby represents the activity of peripheral clocks. The
amplitude of circadian clock gene expression under LD conditions is moderately reduced
in middle age (42 d) (Figure 3-3A), and is further reduced in older (57 d) flies (Figure 33B). This dampening of circadian gene expression is even more severe under freerunning DD conditions (Figure S3-2). Similarly, whole fly expression of a per-luciferase
reporter (BG-luc), which reflects activity of the per promoter in peripheral clocks
throughout the fly body, is dramatically dampened in aged flies (Figure 3-3C).
We also examined clock protein expression in adult heads through Western blot
analysis and through immunofluorescent analysis of fly head sections. Peak expression of
PER and TIMELESS (TIM) proteins in whole heads is reduced in old flies (58 d),
although their circadian cycling persists under LD and DD conditions (Figure S3-3).
Similarly, PER protein oscillations in the compound eyes of old flies are blunted under
LD conditions as shown in sections of fly heads (Figure S3-4). These results indicate that
the molecular circadian clocks in peripheral tissues are targets of the aging process. As in
the case of the behavioral rhythms, molecular cycling of clock gene expression dampens
earlier in female flies (Figure 3-3A-B, S3-2, and S3-3).
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Robust Circadian Cycling of PER Protein Persists in the Central Clock Neurons in
Aged Flies
As noted, clock gene expression in peripheral tissues is reduced by age, and the
cycling is dampened. We hypothesized that the circadian pacemaker in the central brain,
which controls the circadian rest:activity rhythm, would also be affected by the aging
process. To test this possibility, we examined expression of the circadian clock protein
PER in the brain clock neurons of aged flies.
Middle-aged (40 days) flies show robust circadian expression of PER on the first
day of DD in three groups of clock neurons in the central brain: the small ventral lateral
neurons (s-LNvs), the dorsal lateral neurons (LNd) and the dorsal neurons group1 (DN1)
(Figure S3-5). This observation correlates nicely with the circadian behavioral data since
the majority of flies display rhythmic rest:activity in the first few days in constant
darkness. We next asked if disruption of the molecular circadian oscillator in the central
brain underlies the instability of phase in older flies (60d), such that females shift their
phase of activity after 4-5 days in constant darkness. As shown in Figure S3-6, PER
expression in the s-LNvs is delayed in the 60-day old females: it takes a longer time to
accumulate in the late night/early morning, and so after 5 days in DD peak expression of
PER occurs at CT6 (CT0-subjective dawn and CT12-subjective dusk, assuming a 24 hour
cycle in DD). The peak at ~CT6, rather than at ~CT2, as seen in young flies (Figure S35), is consistent with the ~0.8h longer period seen for behavioral rhythms (given that five
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cycles have occurred in DD) (Table 3-1). On the other hand, robust cycling of PER
persists in old flies (Figure S3-6). Thus the behavioral changes that occur in 56% of old
female flies (i.e., shifting at DD4, unstable phase) do not seem to be caused by decreased
amplitude of the molecular circadian clock or loss of synchrony between different clock
neurons (Figure S3-6).
To further test if behavioral arrhythmicity at the terminal life stage is caused by
defects in the molecular circadian clock, we first assayed circadian behavior of 80-day
old flies in DD and then selected arrhythmic flies for analysis of PER expression. To our
surprise, terminal-age arrhythmic flies display robust circadian expression of PER,
comparable to that in young flies, in all three groups of clock neurons (Figure 3-4A and
3-4B). Importantly, the phase of the PER oscillation is well synchronized among these
three groups of clock neurons (Figure 3-4 and Figure S3-7).
These findings strongly indicate that compromised output from the central
pacemaker, rather than deterioration of the molecular circadian clock, underlies the
circadian abnormality in aging flies. Given the reduced morning peak of activity in old
flies it is possible that output from the morning oscillator, which consists predominantly
of the small LNvs (Grima et al., 2004; Stoleru et al., 2004), is affected preferentially. PDF
is a major secreted output of the central clock, specifically of the small and large LN vs.
The dorsal projection of the small LNvs is thought to be particularly important for
rest:activity rhythms and so we examined PDF-containing arborizations of this projection
in old flies. We found that PDF intensity at the dorsal termini is slightly reduced in aged
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(82d) flies (Figure S3-8). However, it is not clear if this reduction contributes to the
behavioral phenotype (see Discussion).

Coupled Light:Dark and Temperature Cycles Improve Rhythms in Old Flies
We next sought to identify conditions that could improve rhythms in old flies.
Since rhythmic behavior in environmental cycles reflects not only circadian regulation,
but also direct effects of the entraining stimulus on activity (an effect known as masking),
we reasoned that it might be possible to enhance these rhythms by altering the entraining
stimulus. As noted above, altering the amount of light with a short photoperiod
consolidated activity to evening hours in old flies (Figure 3-2). Besides the light-dark
cycle, temperature is a potent environmental factor that entrains the circadian clock. To
test whether two entraining stimuli could strengthen the rest activity cycle in old flies, we
coupled the LD cycle with a temperature cycle such that the light phase was accompanied
by a temperature of 25°C and the dark phase with21°C . We found that superimposition
of these two cycles consolidated activity to daytime, thereby considerably decreasing
early night activity (Figure 3-5A and 3-5B). Sleep was also improved in old flies under
these conditions, such that more of the sleep occurred in long bouts (>150 min) (Figure
3-5C). Such a shift towards long bouts, with a corresponding decrease in short bouts, is a
reflection of sleep consolidation. These data suggest that stronger environmental
entraining stimuli improve the strength of behavioral cycles in old flies, at least partially
through consolidating sleep.
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Reducing PKA Activity Mitigates Age-Related Circadian Behavioral Defects
To enhance circadian rhythms in free-running conditions, we sought to
manipulate candidate molecules known to function downstream of the clock. The cAMPPKA signaling pathway is implicated in circadian function, in particular in the output
pathway (Levine et al., 1994; Majercak et al., 1997), and has also emerged as an
attractive anti-aging target (Enns and Ladiges, 2010). For instance, in Drosophila, agerelated memory impairments can be suppressed by reducing PKA activity (Yamazaki et
al., 2007). Thus, we considered the possibility that changes in PKA signaling account for
the circadian aging phenotype.
The phenotype of old flies is generally consistent with an increase, rather than a
decrease, in PKA signaling given that Pka-C1 mutants have a shorter circadian period
(Majercak et al., 1997). To test this, we first asked whether elevation of PKA signaling
leads to aging-like circadian behaviors. As shown in Figure S3-9A, induced
overexpression of PKA catalytic subunit in the adult nervous system causes arrhythmia.
In addition, knocking down PKA-inhibiting regulatory subunits (Pka-R1) in clock
neurons disrupts locomotor rhythms in most flies with a few showing the phase-shifting
characteristic of old flies (S3-9B). To test whether reducing PKA activity could rescue
age-associated circadian defects, we examined aged flies that have reduced expression of
Pka-C1 (30% reduction in mRNA levels as measured by quantitative real-time PCR).
Indeed, these aged mutant flies have stronger circadian behavioral rhythms compared to
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sibling controls under constant darkness conditions (Table 3-2; Figure 3-6A). The
number of flies displaying an unstable phase is reduced, and the overall rhythm strength
is enhanced. However, these flies still have a long circadian period, similar to that of
sibling controls (Table 3-2). Another allele of Pka-C1 mutant (10% reduction in mRNA
levels in young fly heads) also partially rescues the arrhythmic phenotype of 60 day old
flies (Figure S3-9C). Since old flies have a robust molecular oscillator in the central brain,
it is possible that reducing PKA activity restores circadian output function. Alternatively,
reducing PKA activity may consolidate sleep, which in turn improves the strength of the
sleep:wake cycle. In support of the latter, we previously found that increased PKA
activity fragments sleep (Joiner et al., 2006). Indeed, when flies were monitored under
LD conditions typically used for sleep assays, aged female Pka-C1 mutants displayed
improved sleep consolidation such that long sleep bouts were increased, and the total
number of bouts per day was decreased relative to age-matched sibling controls. Male
Pka-C1 mutants also showed a small improvement in sleep consolidation (Figures 3-6B
and S3-10).

Discussion
Circadian Rest:Activity Behavior Degenerates with Age
Deterioration of circadian rhythms is a prominent symptom of aging (Turek et al.,
1995; Hofman and Swaab, 2006). We report here that the endogenously driven
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rest:activity rhythm degenerates with age in flies. In addition to reduced rhythmicity and
a longer circadian period, some aged flies show an unstable phase, which manifests as an
expansion and contraction of activity duration: a daily shortening of the duration of
activity (alpha) is followed by expanded activity (expansion of alpha) on days 4-6. In
some aged flies, the gradual contraction of alpha is not obvious, but they still have an
expansion of alpha on days 4-6. This contraction-expansion of alpha repeats every 4-5
days in aged females and every 5-6 days in aged males (Figure 3-1A and S3-1). Flies also
exhibit gender dimorphism of age-associated alteration of circadian behavioral rhythms:
at any given age a greater percentage of female flies shows defects in circadian rhythms
than males (Table 3-1; Figure 3-1B), although their life-spans are comparable (Koh et al.,
2008) .
Since the effect on circadian period coincides with rhythm deterioration, it is
tempting to speculate that period lengthening is an underlying cause of the agedassociated weakening of circadian rhythms. However, we were unable to correlate these
two parameters in individual flies. In addition, the circadian period does not get any
longer after middle age in females, suggesting that it is most likely an independent target
of the aging process. Another Drosophila species (D.nasuta) also shows period
lengthening and rhythm degeneration with age (Joshi et al., 1999), and the free-running
rhythm period also lengthens in old mice (Mayeda et al., 1997). In humans and some
other mammalian species circadian period shortens with age (Pittendrigh and Daan, 1974;
Witting et al., 1994; Monk, 2005; Aujard et al., 2006), but this may not underlie
sleep:wake disturbances reported in humans (Duffy and Czeisler, 2002).
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Peripheral Circadian Clocks Are Targets of the Aging Process
The amplitude of circadian clock gene expression dampens in heads of old flies
(Figure 3-3A-B, S3-2, and S3-3). This is indicative of reduced amplitude in peripheral
clocks since the major molecular clock signal in heads comes from the compound eye
(Plautz et al., 1997). Indeed, we found that PER oscillations in the photoreceptor cells are
dampened (Figure S3-4). Interestingly, the cycling of clock proteins PER and TIM is not
as severely dampened as is the mRNA cycling in 58 days old flies. This is particularly
true under LD conditions, where robust circadian expression of the clock proteins persists,
albeit with reduced peak expression levels. It appears that aging affects circadian clock
gene expression mainly at the transcriptional level. Consistent with this, per promoter
activity is reduced in peripheral clocks throughout the fly body (Figure 3-3C). Altered
clock gene transcript levels have been reported in aged vertebrate species and in
Drosophila- Per2 and Bmal1 mRNA expression is reduced in peripheral tissues of aged
mice (Kunieda et al., 2006); circadian oscillations of a Per1-luc reporter are abrogated in
some peripheral tissues but robust in other tissues (Yamazaki et al., 2002); changes in
Bmal1 (but not Clock, Per1, and Per3) levels correlate with age in human peripheral
blood cells (Ando et al., 2010); age dependent reduction of Bmal1 and Per1 (but not
Clock) mRNA expression occurs in the zebrafish eye (Zhdanova et al., 2008); and finally,
per mRNA is reportedly dampened in the heads of old (50d) flies (Krishnan et al., 2009).
Our finding that expression of all clock genes is dampened provides clear evidence that
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the circadian clock machinery, but not just the expression of specific clock genes in
peripheral tissues, is targeted by the aging process.

Robust Molecular Circadian Oscillations Persist in the Central Pacemaker during
Aging
The long circadian behavioral period in old flies correlates nicely with a slower
pace of PER oscillation in the small LNvs. However, the cyclic expression of PER is
robust and synchronized among different groups of clock neurons in aged flies. This
important finding is corroborated by some reports from mammalian studies: robust
circadian expression of Per1, Per2, Cry1 mRNA and a Per1-luciferase reporter persists
in the SCN of old rats (Asai et al., 2001; Yamazaki et al., 2002), and PER2 rhythm is
largely intact in middle aged mice (Asai et al., 2001; Yamazaki et al., 2002). Thus,
despite some reports of reduced circadian clock gene mRNA expression in the SCN of
old animals (Weinert et al., 2001; Kolker et al., 2003), there is support for the idea that
the molecular central clock is largely intact during the aging process.

Aging Weakens Output from the Morning Oscillator
So what is affected by age in the central timekeeping mechanism? We suggest
that apart from the change in the free-running period, age affects the output of the central
clock, rather than the clock itself. An effect on output may be more evident under certain
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conditions. Indeed, we found that aged flies have weaker behavioral rhythms under
normal 12L:12D schedules than in constant darkness (Table 3-1). Further examination of
the LD profile reveals that aged flies have a dramatically reduced morning peak of
activity, while evening activity is extended. Even under short photoperiods, when output
from the morning oscillator is dramatically enhanced in young flies, old flies still display
much less morning anticipatory activity, suggesting that output from the morning
oscillator is weakened by age (Figure 3-2). Typically masking effects of light may help to
consolidate sleep and these effects may become weaker with age. Some environmental
manipulations (e.g. LD cycles together with temperature cycles) improved the strength of
the rest:activity cycle, perhaps by providing stronger masking signals that enabled better
consolidation of activity and sleep (Figure 3-5).
A weakened morning oscillator may also account for the unstable behavioral
rhythms in DD (see above). The morning oscillator reportedly sets the timing of the
evening peak (Stoleru et al., 2005). We propose that in young flies, strong output from
the morning oscillator sets the evening peak to occur at a 180 degree angle; in aged flies,
weakened output from the morning oscillator relaxes the phase restraint on the evening
oscillator, thus allowing the evening activity peak to gradually advance into the territory
of the morning oscillator. However, this advance is ultimately pushed back by the
weakened morning oscillator, typically on the 4-5th day in DD for females and 5-6th day
for males. This contraction-expansion of alpha manifests in many different ways (Figure
S3-1), which is typical of age-related physiological changes.
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An effect on morning and evening peaks is reminiscent of the action of the PDF
neuropeptide: mutants lacking PDF or its receptor display a weakened morning
anticipatoryactivity peak and an earlier evening activity peak in LD (Lear et al., 2009;
Shafer and Taghert, 2009). We observed a small reduction of PDF intensity at the
terminus of the dorsal projection from the small LNvs. However, we do not believe this
change of PDF intensity is responsible for the phenotype we observe in aged flies. For
one, old flies display a longer period while Pdf mutants have a short period; also, they do
not display the typical advance of evening activity seen in Pdf mutants. It is possible that,
in addition to PDF, the morning oscillator employs other factor(s) to regulate morning
and evening activity (Shafer and Taghert, 2009).

Reducing PKA Improves Circadian Behavioral Rhythms in Aged Flies
Normal aging is often accompanied by impaired memory. Interestingly,
increasing PKA activity impairs, while decreasing PKA activity ameliorates, deficits in
prefrontal cortex memory function in aged rats and monkeys (Ramos et al., 2003).
Similarly, reduction of PKA expression (by 40%) suppresses age-related memory
impairment (AMI) in flies (Yamazaki et al., 2007). We report here that a reduction of
PKA partially rescues age-related circadian rhythm deterioration (Table 3-2, Figure 3-6A
and S3-9B) although it does not rescue the long circadian period. Since PKA is
implicated in clock output (Levine et al., 1994; Majercak et al., 1997), it is possible that
the decrease in PKA down-regulates the output from the evening oscillator, and thus
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counters the weakened output from the morning oscillator. Alternatively, or in addition, it
may strengthen behavioral rhythms by consolidating sleep, as elevated PKA activity
fragments sleep in young flies (Joiner et al., 2006). Indeed, we show here that at least
some of the rhythm-strengthening effects of reduced PKA are likely due to better
consolidation of sleep (Figure 3-6B and S3-10).
Reduced PKA signaling reportedly extends lifespan in yeast (Lin et al., 2000) and
promotes healthy aging in mice. Since a 40% reduction of PKA activity does not affect
lifespan in Drosophila (Yamazaki et al., 2007), we do not expect that this Pka-C1BG02142
allele, which reduces Pka-C1 expression ~30%, extends lifespan. We note that our data
do not necessarily imply that PKA activity is up-regulated in aged flies. Reducing PKA
expression may correct the regulation of a PKA target that is up or down-regulated by
PKA-independent pathways during aging. Nonetheless, our data demonstrate that
reducing PKA expression can rescue some aspects of age-related circadian behavioral
defects, and thus provide a promising target for therapeutic interventions aimed at
ameliorating aged-related circadian disorders.
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Tables and Figures
Table 3-1. Characterization of Circadian Behavior of Aging Flies.
Age (day)

5-8

40-43

53-55

69-71

79-80

n

96

122

170

186

95

period (h)

24.12±0.04

24.42±0.07

25.00±0.05

24.93±0.05

24.33±0.13

FFT

0.043±0.003

0.039±0.002

0.041±0.002

0.040±0.002

0.034±0.006

AR (%)

8.3

13.1

12.9

36.0

75.8

shifting(%)

5.2

38.5

56.5

27.4

3.2

n

85

95

138

period (h)

23.91±0.03

23.97±0.08

23.87±0.07

AR (%)

29.4

48.4

59.4

Female
DD

LD

Male
DD

LD

n

94

119

198

175

86

period (h)

23.64±0.03

24.27±0.04

24.75±0.03

24.97±0.04

24.95±0.10

FFT

0.120±0.004

0.057±0.003

0.054±0.002

0.039±0.002

0.038±0.004

AR(%)

1.1

3.4

5.1

21.7

45.4

shifting(%)

0

12.6

20.2

21.1

14.0

n

97

116

90

period (h)

23.94 ±0.02

23.91 ±0.03

24.00 ±0.05

AR (%)

29.8

50.0

60.0

Note: total number (n) includes individual flies that survived more than 5 days in the
experiment. Data are presented as average ±SEM. Flies showing an FFT value <0.01
were counted as arrhythmic (AR). For the rhythmic flies (including those that showed
shifts of activity in DD), circadian period was determined by χ2 periodogram analysis.

- 117 -

Table 3-2. Reduced Pka-C1 Expression Partially Rescues Circadian Behavioral Rhythms.
Age (days)

5-8

40

53-55

69-71

79-80

n

80

89

140

97

101

period (h)

24.07±0.03

24.72±0.06

25.08±0.04

24.76±0.06

24.89±0.12

FFT

0.055±0.003

0.048±0.003

0.054±0.002

0.037±0.003

0.045±0.004

AR (%)

2.5

7.9

15.0

38.1

59.4

Shifting (%)

5.0

40.5

46.4

37.1

20.8

n

79

93

125

88

79

Pka-C1BG

period (h)

23.97±0.03

24.49±0.07

25.02±0.04

24.75±0.08

24.61±0.09

/+

FFT

0.041±0.003

0.044±0.002

0.063±
0.003

0.040±0.003

0.035±0.004

AR (%)

3.8

6.5

6.4

26.1

44.3

Shifting (%)

3.8

24.7

24.0

28.4

22.8

n

80

87

114

84

97

period (h)

23.77±0.02

24.52±0.05

24.67±0.04

24.85±0.11

25.24±0.10

FFT

0.105±0.005

0.061±0.003

0.059±0.002

0.052±0.003

0.042±0.003

AR (%)

1.3

4.6

2.6

21.4

40.2

Shifting (%)

1.3

13.8

23.7

23.8

19.6

n

79

86

130

77

91

Pka-C1BG

period (h)

23.79±0.02

24.22±0.06

24.88±0.05

24.92±0.09

24.80±0.10

/+

FFT

0.103±0.005

0.052±0.002

0.063±0.003

0.051±0.004

0.057±0.003

AR (%)

1.3

2.3

1.5

14.3

18.7

Shifting (%)

0

7.0

9.2

15.6

14.3

Female
wt

Male
wt

Note: Siblings from the 7 times out-crossed Pka-C1BG02142 strain were used as wild-type
control for the mutants.
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Figure 3-1
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Figure 3-1. Characteristics of Circadian Behavior in Young and Old Flies. (A)
Locomotor behavior was assayed in constant darkness for young (7d) and old flies (55d
and 80d) and representative activity records are shown. In addition to having a longer
circadian period, 55d old flies display an unstable activity pattern that consists of periodic
changes in the phase of activity (middle panel, dashed lines indicate segments with stable
periods and arrowheads indicate phase-shifting). Shifting flies are those rhythmic flies
showing an abrupt, more than 1 hour phase shift of their activity offset after a few days in
DD. Most of these flies also show a more than 0.5h change of circadian period after the
shift. The shifting and instability of period phenotypes are more pronounced in females
than in males. Representative activity records of arrhythmic terminal aged (80d) flies are
shown in the lower panel. The gray bar denotes subjective day, and the black bar denotes
subjective night. (B and C) Age affects circadian rhythmicity and period. (B) Higher
proportions of old flies exhibit unstable (shifting) and arrhythmic behavior. (C) Circadian
period lengthens with age. Period was calculated by χ2 periodogram analysis for those
rhythmic flies (including those that have and shifting non-shifting behavior) and shown
as average period ± standard error of mean (SEM) for each age group. *** denotes
P<0.001, and n.s. denotes no significant difference by Student’s t test. Also see Table 3-1
and Figure S3-1 for details.
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Figure 3-2
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Figure 3-2. The Circadian Morning Peak of Activity Is Weakened in Old Flies. (A)
In a 12h:12h light:dark cycle (12L:12D), young (10d, Y) flies have robust bimodal
activity peaks, but old flies (53d, O) have a reduced morning peak of activity and
increased early night activity. Under a 16h:8h light:dark cycle (16L:8D), young flies
display a dampening of the morning peak similar to that seen in old flies. However, a
strong evening peak is present in both young and old flies. Under 8h:16h (8L:16D) short
photoperiod conditions, young flies adapt with stronger bimodal activity peaks and
enhanced morning anticipatory activity, while old flies still have less morning
anticipatory activity. However, this short photoperiod consolidates activity to the early
evening in the old flies. Raw activity numbers were normalized to the mean of each
group and plotted in 30-min bins. Black arrows point to morning anticipatory activity,
and white arrow heads point to evening peak activity. (B) Quantification of morning
anticipation under different photoperiod conditions. Morning anticipation index was
defined as the mean of increased activity before lights-on (anticipatory activity minus
activity for the same length of time prior to anticipation) relative to activity over the
entire 24h day. In 12L:12D cycles, morning anticipation starts 30 min before lights-on in
females and 1h in males. In 8L:16D cycles, morning anticipation starts 3h before lightson in females and 4h in males. Data are presented as the average ± SEM. *P<0.05,
**P<0.01, ***P<0.001, by Student’s t test. Flies were monitored first in 12L:12D for 3
days and subsequently monitored under the different photoperiod conditions indicated.
Activity records from the 3rd day of each LD cycle were used for analysis. Individuals
that survived less than 7 days during the experiment were excluded from the analysis.
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Figure 3-3
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Figure 3-3. The Molecular Circadian Clock Is Dampened in Peripheral Tissues of
Old Flies. (A and B) Total mRNA extracted from fly heads (8d and 42d old flies in panel
A, 10d and 57d flies in panel B) at different times of day was analyzed by qPCR. Clock
gene mRNA levels were normalized to that of Actin RNA. Data are averaged from 3
independent experiments and error bars represents standard error of mean. ZT denotes
Zeitgeber time (where ZT0 is light on and ZT12 is light off in a 12h:12h light:dark
schedule). The signal in adult heads is derived largely from the eye. As in the case of the
behavior, dampening of molecular oscillations occurs earlier and is more pronounced in
females. *P<0.05, **P<0.01, ***P<0.001, by pair-wise Student’s t test. (C) Whole-fly
per-luciferase (BG-luc) reporter expression is dampened in aged flies. Male flies were
loaded into a luminometer during the light:dark transition and luciferase activity was
measured for 5 days in constant darkness. Data are shown as the average ± SEM of
young flies (11d, n=20) or of aged flies (51d, n=18).
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Figure 3-4
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Figure 3-4. Robust PER Cycling Persists in Terminal Age, Arrhythmic Flies. (A) 80
days old (O) female flies were monitored for their circadian behavior and arrhythmic flies
were examined for PER expression on day 3-4 in constant darkness, along with 8 days
old (Y) young female control flies. Both young and aged flies have robust and
synchronized cycling of PER in three groups of circadian clock neurons shown. More
than 10 brains were examined for each time point and representative images are shown.
(B) Arbitrary intensity scores for PER staining in clock neurons. PER intensity was
objectively scored by eye (1 is the lowest and 5 is the highest). The average ± SEM of all
hemispheres (n>14) examined is shown. *0.01<P<0.05, by Student’s t test. No significant
differences in PER expression or cycling were found between old and young flies for any
neuronal group.
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Figure 3-5
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Figure 3-5. The Rest:Activity Rhythm of Old Flies Is Enhanced When the
Light:Dark Cycle (LD) Is Coupled with a High:Low Temperature Cycle. (A) Old
flies have more consolidated daytime activity and less night activity (white arrows), and
thus a stronger rest:activity cycle, when the 12L:12D cycle is coupled with a 25°C:21°C
temperature cycle. “Y” denotes young flies (9 d) and “O” denotes old flies (57 d). Raw
activity numbers were normalized to the mean of each group and plotted in 30-min bins.
(B) Quantification of early night activity under different entrainment conditions. Early
night activity was quantified as mean of the activity count during the 6h after lights-off
relative to that of the entire 24h day, and presented as ratio ± SEM. (C) Raw data from
the above experiments were further analyzed for sleep consolidation. LD combined with
a temperature cycle (TC) improves sleep consolidation, such that old female and male
flies show a larger fraction of long sleep bouts (>150min). *P<0.05, **P<0.01,
***P<0.001, n.s. (no significant difference) by Student’s t test. Activity records from the
3rd day of the LD cycle or combined LD and temperature cycle were used for analysis.
Individuals that survived less than 7 days during the experiment were excluded from the
analysis.
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Figure 3-6
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Figure 3-6. Reduced PKA Expression Improves Circadian Behavioral Rhythms and
Sleep Consolidation in Aged Flies. (A) Compared to sibling controls (wt), percentage of
flies showing unstable (shifting) and arrhythmic behavior is reduced in Pka-C1BG02142/+
mutants. (B) Pka-C1BG02142/+ mutants spend less time in shorter sleep episodes than
sibling controls. This effect is more prominent in females. Flies aged at 55 days were
monitored under LD conditions and data were collected in 1 min bins. Data are presented
as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, by Student’s t test.
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Supplemental Figure S3-1
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Supplemental Figure S3-1. Aged Flies Display Long Period and Unstable Circadian
Behavior with Varying Degrees of Expressivity. Most young (7d) flies have stable
rhythms and a period closes to 24h. In contrast, most aged (55d) flies have long period
and some aged flies show shifting of activity phase in constant darkness (also see Figure
3-1). Dashed lines indicate segments with overt periods, and arrowheads indicate shifts in
activity offsets. Some of the aged flies show a pronounced contraction of activity in the
first few days, and then display a phase shift or an expansion of activity on days 4-6 of
DD, followed by contraction of activity again. Female flies show more pronounced
changes than male flies. The gray bar indicates subjective day, and black bar indicates
subjective night.
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Supplemental Figure S3-2

Supplemental Figure S3-2. Aged Flies Have Dramatically Reduced Amplitude of
Circadian Gene Expression in Constant Darkness. The amplitude of circadian mRNA
expression of three clock genes (per, Clk, Pdp1ε) in 56-day-old flies is compared to that
in 10-day-old young controls. Circadian clock gene mRNA expression is normalized to
that of Actin. Data are presented as the average of 3 independent experiments and error
bars denote standard error of the mean. *P<0.05, by pair-wise Student’s t test.

- 133 -

Supplemental Figure S3-3

Supplemental Figure S3-3. Circadian Clock Protein Expression Is Dampened in
Peripheral Tissues of Old Flies. Flies were entrained to 12h:12h light:dark cycles and
whole heads were collected at indicated time points for Western blot analysis. Since most
of the clock protein signal in adult heads comes from the compound eye, this assay
mainly reports the state of peripheral circadian clocks. PER and TIM expression was
assayed in LD (A) and DD (B). Compared to young flies (y, 8-day-old), aged flies (o, 58day-old) show reduced peak expression of circadian clock proteins PER and TIM in
light:dark (LD) cycles and circadian expression is further dampened in constant darkness
(DD). Housekeeping proteins HSP70 and ACTIN were used as loading controls. Similar
results were obtained from three independent experiments.
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Supplemental Figure S3-4

Supplemental Figure S3-4. Aged Flies Have Dampened Amplitude of PER
Oscillation in the Photoreceptor Cells. 57 days old (O) female fly head sections were
examined for PER expression at indicated Zeitgeber times (ZT) in 12h:12h light:dark
cycles, along with 8 days old young (Y) female control. Old flies have lower peak levels
of PER (ZT02 and ZT20) in the photoreceptor cells as shown in multiple images. 8-12 fly
heads were used for cryostat head sections at each time point.
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Supplemental Figure S3-5

Supplemental Figure S3-5. Robust Cycling of the Circadian Clock Protein PER
Persists in Middle-Aged Flies. Flies were entrained to 12h:12h light:dark cycles and
brains were dissected at indicated circadian time points (CT) on the first day of constant
darkness. Both young (Y, 8-day-old) and middle-aged (O, 40-day-old) flies display
robust cyclic expression of PER in all three groups of clock neurons. LNv denotes small
lateral neurons; LNd denotes dorsal lateral neurons; DN1 denotes dorsal neuron group 1.
Based upon analysis of 10-12 brains for each time point, representative images are shown.
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Supplemental Figure S3-6
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Supplemental Figure S3-6. Molecular Cycling of PER Protein Persists But Delays in
Circadian Clock Neurons of Aged Flies. (A) 10-day-old (Y) and 60-day-old (O) female
flies were collected at indicated circadian times (CT) on day 5-6 in constant darkness,
and brains were dissected for immunofluoresence analysis of PER expression. For each
time point, more than 10 brains were examined and representative images are shown. (B)
Arbitrary intensity scores for PER staining in clock neurons. PER intensity was scored by
eye (1 is the lowest and 5 is the highest). Data are presented as average ± SEM of all
hemispheres examined (n> 18). Both young and old female flies show robust circadian
cycling of PER in the small ventral lateral neurons (LNv), the dorsal lateral neurons (LNd)
and the dorsal neuron group 1 (DN1) in old flies. However, PER expression peaks at
CT2-6 in all these groups in old female flies, which have longer circadian periods, rather
than at CT18-22, as seen in young female flies. *P<0.05, **P<0.01, ***P<0.001, by
Student’s t test.
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Supplemental Figure S3-7
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Supplemental Figure S3-7. The Number of PER Positive Neurons Is Similar
between Young and Terminal-Aged Flies. Circadian behavior was monitored for 3
days in constant darkness. Rhythmic young (8d) and arrhythmic old (80d) female flies
were collected for brain dissection and immunohistochemistry for PER expression (also
see Figure 3-4 in the main text). The number of PER positive neurons was counted for all
three groups of clock neurons in each brain hemisphere: small ventral lateral neurons
(LNv), dorsal lateral neurons (LNd) and dorsal neuron group1 (DN1). Data are presented
as average ± SEM (n>8). L denotes left brain hemisphere, R denotes right brain
hemisphere. Navy (8d)/red (80d) bars denote ventral lateral neurons, blue (8d)/orange
(80d) bars denote dorsal lateral neurons, and green (8d)/magenta (80d) bars denote dorsal
neuron group 1.
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Supplemental Figure S3-8
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Supplemental Figure S3-8. PDF Expression in Aged Flies. (A and B) Young (8d) and
arrhythmic terminal age (82d) flies show similar overall levels of PDF (in green)
expression in the ventral lateral neurons (panel A, also indicated by PER in red) and
dorsal projections (panel B). Old flies were monitored for circadian behavior and
arrhythmic flies were examined for PDF expression on days 3 in constant darkness, along
with young control flies. The posterior optic tract that connects lateral neurons in the two
brain hemispheres and the dorsal projection from lateral neurons are clearly visible in
both young and aged flies (panel B). In general, PDF expression is intact in the aged flies
at both CT02 and CT14. (C) Quantification of PDF immune-staining intensity at the
terminus of the dorsal projection from lateral neurons. Net pixel intensity is quantified for
the white square area near the first ramification fork of the dorsal terminal using Kodak
Molecular Imaging program. Data are presented as mean ± SEM. *P<0.05, by Student’s t
test assuming unequal variance.
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Supplemental Figure S3-9
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Supplemental Figure S3-9. Increasing PKA Signaling in Young Flies Causes Aginglike Phenotypes, While a Pka-C1 Mutant Allele Partially Rescues the Arrhythmic
Phenotype of Old Flies. (A and B) Elevation of PKA signaling through overexpression
of the PKA catalytic subunit (Pka-mc*) in the adult nervous system with a drug-inducible
elavGeneSwitch (elavGS) driver (panel A), or through knocking-down the PKA
inhibitory subunit (Pka-R1) in clock neurons with tim-UAS-GAL4 (TUG) (panel B) leads
to arrhythmia in most flies, with a few showing phase-shifts in DD. For drug treatment,
flies were reared on regular food and then the adults were maintained on 500μM drug
(RU486) or vehicle control (ethanol, EtOH) in LD for 3 days and then transferred to DD.
Gal4 or UAS transgene alone serves as wild-type controls. (C) A Pka-C1EY08221/+ mutant
partially rescues the arrhythmic phenotype of 60 days old flies. Compared to sibling
controls, the percentages of flies showing arrhythmic behavior in DD are reduced in PkaC1EY08221/+ mutants. This mutant allele was outcrossed five times into an iso31
background and progenies were aged for 60 days in LD. Data were collected for more
than 5 days. Sample numbers are: female sib (n=48) and Pka-C1EY08221/+ (n=67), male
sib (n=51) and Pka-C1EY08221/+ (n=82).
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Supplemental Figure S3-10

Supplemental

Figure

S3-10.

Reducing

PKA

Expression

Improves

Sleep

Maintenance in Aged Flies. Compared to sibling controls (wt), female Pka-C1BG02142/+
mutant flies have increased sleep bout length during night which is accompanied by
reduced sleep bout numbers. Male flies display similar trend but with smaller effect. 55day-old flies were monitored under LD condition and locomotor activity data was
collected in 1 min bins for sleep analysis. Data are presented as mean ± SEM. Sample
numbers are:

female wt (n=58) and PkaBG02142/+ (n=54), male wt (n=49) and

PkaBG02142/+ (n=56). *P<0.05, **P<0.01, by Student’s t test.
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CHAPTER IV
Conclusions and Perspectives
This chapter is composed of two parts. Parts I and II are the conclusions and
perspectives for Chapters II and III, respectively.
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Part I: microRNA-279 Acts through the JAK/STAT Pathway to
Regulate Circadian Behavioral Output in Drosophila
To resummarize the results described in Chapter II, we have characterized a
mechanism in Drosophila that transmits time-of-day signals from the central clock and
produces rhythmic rest:activity behavior. This mechanism involves microRNA and PDF
Receptor-regulated cyclic activation of the JAK/STAT pathway.
First, we found that appropriate levels of microRNA miR-279 are required for
normal rest:activity rhythms in flies. Elevated or reduced levels of miR-279 lead to weak
rhythms. However, the behavioral phenotype of this single miRNA mutation appears to
be stronger than the phenotype caused by Dicer-1 (Dcr-1) knockdown, which
theoretically blocks the biogenesis pathway for all miRNAs (Kadener et al., 2009).
Additionally, Dcr-1 knockdown did not result in any circadian period change. Given that
overexpression of another known clock miRNA bantam in LNvs lengthens period
(Kadener et al., 2009), these data suggest that miRNAs with opposing functions regulate
the Drosophila clock. Therefore, in the Dcr-1 knockdown, effects of miR-279 or bantam
loss may be counteracted by loss of other miRNAs. Examining the genetic mutants of
other miRNAs, especially those identified by high throughput methods (Yang et al., 2008;
Kadener et al., 2009), and their interacting mRNAs/proteins will help identify more clock
regulators and characterize their roles in the circadian system. A potential candidate is
miR-996, which was very recently annotated in Flybase. In the genome, the miR-996 gene
clusters and likely shares a common promoter with miR-279. Given that the genomic
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deletion in ex117-1 may also impair the promoter of miR-996, we cannot exclude the
possibility that miR-996 plays a minor but similar role to miR-279 in the circadian system,
although elevating levels of miR-279 alone is sufficient to phenocopy the effects of
NE95-11-24 overexpression, and supplementing with a miR-279 transgene alone rescues
behavioral rhythms in ex117-1.
Second, miR-279 mutant flies exhibit normal oscillations of the essential clock
protein PERIOD (PER) in pacemaker neurons, suggesting a role of miR-279 downstream
of the central clock. Together with other findings, miRNAs have now been put in all
three modules of the circadian system: the central oscillator, the light input pathway
(Cheng et al., 2007; Kadener et al., 2009) and output. It adds to the circadian system a
new family of negative regulators for mRNA degradation and protein synthesis inhibition.
Previous studies have shown that several other genes modulate the circadian system by
modifying pre-mRNA splicing, 3’UTR-dependent or independent mRNA decay, mRNA
polyadenylation, natural antisense transcripts, or translation initiation (Kojima et al. 2011;
Staiger and Köster, 2011). These genes and the miRNAs comprise a whole new layer of
post-transcriptional/translational regulation of the circadian system. How these regulators
cooperate with each other to control overt circadian rhythms is becoming an important
topic in chronobiology.
Furthermore, we showed that miR-279 directly regulates the mRNA levels of Upd,
a ligand for the JAK/STAT pathway. Reducing Upd specifically in clock neurons rescues
the arrhythmic behavior phenotype of miR-279 mutants. In addition, up- or down-
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regulation of JAK/STAT signaling abolishes circadian rhythms. JAK/STAT signaling has
been shown to function in many different processes, such as cellular proliferation,
immune responses, and stem cell maintenance (Arbouzova and Zeidler, 2006). However,
this is the first report of a function of the JAK/STAT pathway in animal behavioral
rhythms. Because the molecular components and signal transduction mechanisms of the
JAK/STAT pathway are highly conserved through evolution, there is a good chance that
this pathway is also involved in circadian rhythm regulation in other organisms. We were
surprised to find that some Upd-GAL4-expressing neurons, in which STAT92E activity
may also be induced (unpublished data), exhibit shifted-phase expression of PER.
Although the expression of these genes could be independent, it would be interesting to
test whether the phase of PER is modified by autocrine action of UPD.
Lastly, we revealed that the activity of JAK/STAT signaling cycles under the
control of the circadian clock, miR-279 and the PDF Receptor (PDFR). However, neither
Upd-GAL4 nor STAT92E promoter driven GFP (unpublished data) is expressed in central
clock cells in the brain, suggesting that JAK/STAT activity is controlled by the central
clock through intercellular connections instead of intracellular signal transduction.
Consistent with this thought, PDF-containing projections from small LNv neurons are in
the vicinity of specific Upd-expressing neurons located in the dorsal/lateral region of the
brain, close to DNs and LPNs. Mapping of this potential output circuit will establish the
physical connection by which the central clock controls rest:activity rhythms through
Upd and Dome/STAT92E neurons. Notably, the identity of rhythm-affecting Upd neurons
can probably be narrowed down to PDFR-positive neurons, since oscillations of
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JAK/STAT activity are altered in PDFR mutants and sLNvs apparently send PDFcontaining projections to Upd neurons. Although JAK/STAT activity cycles, miR-279
and Upd mRNA levels do not cycle in whole brains, suggesting that STAT92E cycling is
driven through rhythmic regulation of something else, perhaps UPD release.
Alternatively, other JAK/STAT ligands (Upd2 and Upd3), or other downstream
JAK/STAT components could be expressed cyclically.
An understanding of circadian rest:activity rhythms in Drosophila has benefited
greatly from genetic analysis like the one reported here. However, few bona fide output
genes have been described that regulate behavioral rhythms (Allada and Chung, 2010).
One reason may be the redundancy of genes/pathways in the circadian output system.
The circadian clock seems to utilize multiple signaling pathways to produce rhythmic
behaviors, and thus blocking a single gene or one pathway may not give a strong
phenotype. On the other side, one gene can play roles in multiple signal transduction
pathways and there may also be crosstalk between pathways; therefore genetic mutants of
that gene may exhibit complicated phenotypes, which are hard to interpret. Nonetheless,
discoveries made with Drosophila genetics have led the way in elucidating mechanisms
underlying many conserved physiological processes in other species. This is particularly
true of circadian rhythms where some genes mutated in human disorders were first
identified in flies (Toh et al., 2001; Xu et al., 2005). Since miRNAs are generally very
stable, small in size and easily delivered, in the long term rhythm-affecting miRNAs, like
the one we identified here, may be used to treat clock dysregulation-induced disorders
(Hansen et al., 2011).
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Part II: Aging of Circadian Output Pathways Deteriorates Rest:Activity
Rhythms in Old Flies
To summarize the results described in Chapter III, we conclude that circadian
output from morning oscillator deteriorates with age and contributes to the degeneration
of behavioral rhythms in old flies. We also discovered one environmental and one genetic
manipulations that relieve age-induced changes in rest:activity rhythms.
First, we characterized the pattern of breakdown of free-running rest:activity
rhythms with age. Old flies exhibit circadian rhythms with long periods and unstable
phase, while flies at terminal ages are arrhythmic. The degeneration of rhythms is a
function of age, indicating that age-related damage to the circadian system accumulates
with time. It will be interesting to identify the nature of this damage and the
environmental or endogenous factors that contribute to it. One obvious candidate is the
damage caused by light-induced oxidative stress, which may accumulate with age, as
suggested by previous studies (Koh et al., 2008; Guarente and Kenyon, 2000). Consistent
with this idea, effects of age can be mimicked by placing young flies under long
photoperiod conditions. This may also account for the weaker rhythms seen in LD as
opposed to constant dark conditions.
It would also be important to determine how phase-dispersed free-running
behavioral rhythms are generated in old flies. A dual-oscillator (morning and evening
oscillators) model may be applied, since age appears to selectively impair one oscillator
(morning oscillator) and may also disrupt the phasic synchrony between these two
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oscillators, producing two apparent periods under free-running conditions (but these are
consecutive, not in parallel). However, since molecular oscillations of PER in different
clock neurons all show delayed nuclear entry but not dispersed phases in old flies,
impairments are likely in output of the oscillators rather than in the oscillators themselves.
In behavioral and molecular tests, we found that the age-related degeneration of
circadian rhythms and the peripheral oscillators varies between the two genders.
Generally, females degenerate faster than males in Drosophila. First, females have
weaker behavioral rhythms to begin with, demonstrated by less consolidated daytime
activity, blunted morning and evening peaks, and smaller FFT values. This observation is
consistent with previous studies in flies in different backgrounds or in other clock-bearing
species, such as cockroaches, squirrels, mice, ants, tilapia, and even monkeys (HelfrichFörster, 2000; Koh et al., 2006; Lin and Lee, 1996; Rajaratnam and Redman, 2001;
Iwahana et al., 2008; Sharma et al., 2004; Vera et al., 2009; Kim and Han, 2006). The
weaker rhythms in young females are probably due to frequent egg-laying behavior,
similar to that in ants and tilapia (Sharma et al., 2004; Vera et al., 2009). However, when
females get old (after ~50 days) and lay much less eggs, they still exhibit worse
behavioral rhythms than males at the same age. Furthermore, molecular oscillations of
per and tim RNAs and proteins in peripheral tissues are very robust in both young
females and young males, but they dampen faster in females with age. Therefore, sexual
dimorphism in age-induced degeneration of rhythms suggests that the unknown sexrelated regulatory machinery of the circadian system is a target of aging, and also
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indicates possible differences in the healthspan of female and male flies. As noted, the
recently identified sex-related output neuropeptide NPF may play a role in this process.
We found that age mainly impairs molecular clock oscillations in peripheral
tissues, but keeps the central pacemaker and the synchrony among brain oscillators intact
until death. Notably, the very old flies selected for clock protein expression in the brain
were behaviorally arrhythmic. The discrepancy between the central clock machinery and
the behavior strongly suggests that aging largely harms the downstream behavioral output
from the central pacemaker. The dedicated targets and mechanisms of this effect are yet
to be determined. One possible mechanism involves cAMP/PKA signaling, which is
downstream of the PDF signal from the morning oscillator. However, we failed to detect
a clear age-correlated change of PKA activity in whole brains; all subunits, catalytic and
regulatory (PKA-C1, R1, and R2), of PKA in the brain were reduced with age
(unpublished data), although PDF levels at the sLNv termini are slightly decreased. This
could be due to an increase in PDF release from the termini, or less PDF production at the
termini, or less arborization of the dorsal projection. Nonetheless, even if PKA signaling
in response to PDF is indeed affected by age-induced damage, the underpinning
mechanisms will be complicated (also see below).
We managed to improve rest:activity rhythms in old flies by either of the two
manipulations: coupling high:low temperature cycles to a light:dark schedule, or reducing
expression of the PKA catalytic subunit PKA-C1. Notably, both manipulations of old
flies consolidate sleep as well. The first environmental manipulation likely strengthens
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the entrainment of molecular oscillators through the temperature input pathway, or
enhances the synchrony of outputs from different oscillators, or more directly reduces the
activity of downstream motor neurons during the night. Given that the temperature input
pathway of the circadian system is largely uncharacterized, for now, it may be difficult to
understand the mechanisms of aging-deteriorated rhythms based on this manipulation.
However, investigating age-related changes in two genes involved in temperature input,
nocte and norpA (Glaser and Stanewsky, 2007), could lead to new findings.
The second manipulation that promotes healthy aging is the genetic reduction of
Pka-C1 gene expression. As noted, cAMP/PKA signaling is known to act downstream of
PDF/PDFR signaling in Drosophila. A previous study indicates that cAMP accumulation
in the SCN of female rats is induced by aging (Krajnak and Lillis, 2002). It was shown in
flies that Nf1, another circadian output gene, acts through cAMP signaling to regulate
longevity and oxidative stress resistance (Tong et al., 2007). Loss-of-function mutations
in amnesiac, a gene encoding a neuropeptide homologous with vertebrate adenylate
cyclase-activating peptide, cause a blunting of age-related effects on sleep fragmentation
(Liu et al., 2008). All these data suggest that cAMP signaling is a target of aging, and
may be a point where multiple clock output pathways converge, which explains why we
partially rescue aging effects on rest:activity rhythms by manipulating PKA levels.
However, as mentioned earlier we failed to detect a clear age-correlated change of PKA
activity in whole brain samples (unpublished data). More careful examination of agerelated changes in cAMP/PKA activity, specifically in brain regions which are relevant to
behavioral rhythm regulation, may lead to more findings. Nevertheless, manipulations of
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PKA might ultimately be a therapeutic option for treating senescence of sleep and
circadian rhythms; this is supported by studies in mice (Enns and Ladiges, 2010; Jones
and Grotewiel, 2011).
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